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ABSTRACT 
 
Three dimensional fibrous scaffolds mimicking the structure and function of native 
extracellular matrix show great potential in tissue engineering and regeneration. 
Nonwoven fibrous scaffolds prepared by needle-punching methods have been 
studied previously as three dimensional fibrous scaffolds. However, poor control 
of fibre orientation, pore size and inadequate mechanical properties have limited 
their applications. Inter-bonded poly(e-caprolactone) (PCL) fibrous scaffolds, with 
porous structure and controlled pore sizes, were fabricated using a technique 
combining melt bonding with porogen leaching method by our group, with 
scaffolds assessed for biocompatibility using rat skin fibroblasts and Chinese 
hamster ovary cells. However, PCL is a thermoplastic polymer with a low melting 
temperature near 60°C. There are many other synthetic polymers that may find 
application in a range of tissue engineering applications, such as muscle tissue. 
Polypropylene (PP) has already been used in medical applications. It is 
autocalvable and non-degradable, which presents a physical structure in which to 
study the tissue engineering process in a cost-effective, controllable, and 
repeatable way.  Therefore, it is a promising material as a non-degradable scaffold 
in the in-vitro cell culture model. 
In this PhD study, three-dimensional PP fibrous scaffolds of different porosities 
were fabricated using the established technique combining melt bonding with 
porogen leaching method and their biocompatibility were assessed using C2C12 
mouse myoblasts. To better culture cells in a dynamic environment, under an 
electric field, a novel bioreactor was developed. The effects of a polypyrrole 
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surface coating on the scaffolds on cell growth, under electrical stimulation, were 
examined. This thesis consists of three technical parts.    
Firstly, heat-bonded scaffolds were fabricated to different porosities using short 
PP fibres. By blending a porogen, monosodium glutamate (MSG) particles, with 
the fibres and heat-pressing at an elevated temperature, the fibres were bonded 
at their contact points. Leaching out the MSG resulted in highly porous fibrous 
scaffolds. The physical properties, such as bulk density, pore size and tensile 
properties of the fibrous scaffolds differed depending on the ratio of fibres to 
porogen. Myoblasts were grown on the heat-bonded scaffolds, with cell activity 
assessed, and compared to a needle-punched scaffold of similar thickness and 
bulk density. The heat-bonded scaffolds exhibited improved biocompatibility, 
with enhanced myoblast growth and differentiation.  
In the second part of this work, a conducting polymer polypyrrole (PPy) was 
applied to the scaffold surface using a chemical vapour deposition method. The 
PPy coated scaffolds maintained their high porosity, without blocking the pores, 
but the electrical conductivity was much improved.  
To make nutrient supply, waste removal, and gas removal during 3D cell culture, a 
bioreactor was designed and built.  This bioreactor is not only autoclavable and 
high-throughput (can accommodate a large number of scaffolds), but also expose 
cell seeded scaffolds to an electric field.  Myoblasts were grown on the conductive 
heat-bonded scaffolds in the bioreactor under dynamic culturing conditions and 
cell activity was compared to those grown under static culturing conditions. 
XI 
 
Myoblast growth was found to be enhanced in the bioreactor, with improved cell 
number and distribution throughout the scaffold.  
In the third part of this work, myoblasts were seeded onto conductive heat-
bonded scaffolds and were exposed to an electric field, with three different 
electric field strength, during dynamic culture in the bioreactor. An electric field 
strength of 600 mV/mm gave the highest cell number and differentiation. This 
electric field strength was chosen to assess the influence of the PPy coating on cell 
activity, with the PPy coated scaffold showing improved proliferation and 
differentiation, compared to the uncoated scaffold. 
The experiment results have indicated that heat-bonded PP scaffolds could be 
potentially used as a model 3D scaffold to investigate myoblasts growth under 
dynamic and electrical stimulation.   
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Chapter 1 
 
Chapter 1 Introduction 
 
1.1 Significance and research problems 
Skeletal muscle, which occupies almost 48% of human body mass, can self-heal 
after injury. However, volumetric muscle loss, especially for extensive structural 
and functional damages, can only be repaired by a few therapeutic techniques, 
such as surgical intervention and pathobiology of skeletal muscle repair [1, 2]. 
Although surgical intervention with flaps (muscle tissue is moved with its 
neurovascular supply intact) or vascularized tissue, has been standard treatment 
for volumetric muscle loss, donor induced site morbidity usually occurs. 
 
Recent development in the tissue engineering of skeletal muscle in vitro presents 
a new opportunity for the treatment of volumetric muscle loss [3-5]. Tissue 
engineering scaffolds provide structural support for cell growth and can regulate 
cell behavior, such as differentiation. Muscle cells, called myoblasts, show 
different morphology when cultured on two-dimensional and three-dimensional 
(3D) scaffolds [6, 7]. Myoblasts cultured on 3D scaffolds resulted in increased cell 
filopodia (cytoplasmic projections), leading to greater cell-cell interactions and 
enhanced multi-nucleated myotube formation [6].  
 
Fibrous scaffolds have been used to grow new muscle tissue, with high cell 
adhesion and proliferation, due to a large surface area to volume ratio and a high 
porosity. Previously, 3D fibrous scaffolds have been fabricated using nonwoven 
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methods [8, 9] to engineer new skeletal muscle tissue [10]. However, nonwoven 
scaffolds typically have issues with controlling fibre orientation and pore size, with 
some bonding methods resulting in scaffolds of low strength. A novel 3D fibrous 
scaffold has been fabricated by combining the heat-bonding of fibres with the 
particulate leaching of a porogen [11]. Different to traditional nonwoven scaffolds, 
the heat-bonded scaffolds have an isotropic structure, with controlled pore size 
and high strength; showing promise for tissue engineering applications. However, 
prior to this research, these scaffolds were only prepared from the low melting 
point (around 60 °C) polymer, polycaprolactone (PCL). This research explores the 
possibility of using a polymer of higher melting point for high temperature post 
treatments, such as autoclave and plasma. 
 
When culturing in vitro, cells are usually seeded and cultured statically in culture 
plates or flasks. Nutrient supply and waste removal take place through diffusion 
and gas exchange on the scaffold surface [12]. Due to the high metabolic demand 
of muscle cells, such a mass transfer model can only support few hundreds of 
micrometers of tissue thickness. The perfusion bioreactor is designed to perfuse 
cell culture medium through the interconnected pores of a 3D scaffold. Such 
system can increase the level of mass transportation through to the interior of the 
scaffold, compared with the rate of diffusion alone. Although some perfusion 
bioreactors improve nutrient and waste exchange, problems such as complicated 
to assemble [13] and low throughput (accommodates a low number of scaffolds), 
are issues to be resolved. 
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Electrical stimulation (ES) has been used to enhance the alignment and 
differentiation of skeletal muscle cells [14-16]. Previous studies on electrically 
stimulated myoblasts used an electrical pulse width ranging 0.1 to 24 ms and a 
pulse amplitude ranging 0.5 to 5 V/mm [17-20]. However, the optimal parameters 
for electrically stimulating myoblasts in vitro have not been reported. Additionally, 
a majority of three-dimensional scaffolds used in these electrical stimulation 
studies, are electrically non-conductive [13, 21, 22]. Electrically conductive 3D 
scaffolds would greatly enhance the electrical response of muscle cells [23, 24]. 
 
The research questions of this PhD study are listed below: 
1. Can three-dimensional fibrous scaffolds be fabricated from a high-melting 
point polymer (polypropylene) using the heat-bonding/particulate 
leaching method, changing the fibre to porogen ratio to alter the pore-size? 
How do the physical properties and biocompatibility of these scaffolds 
alter with differing fibre to porogen ratio? 
2. Is it possible to design and build a high-throughput bioreactor for dynamic 
cell culture that can also deliver a uniform electric field? What is the 
influence of dynamic culture on myoblast cell activity, compared to static 
culture?   
3. What is the influence of electric field strength on cell activity and how does 
this differ between heat-bonded scaffold types? What is the influence of 
the scaffold polypyrrole coating and how does this effect myoblast cell 
activity under electrical stimulation?  
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1.2 Specific aims 
This PhD project aims to study the biological response of C2C12 mouse myoblasts 
on three-dimensional electrically conductive fibrous scaffolds, with electrical 
stimulation. This study will focus on the following three specific aims: 
 
1. Investigate heat-bonded scaffold fabrication using high melting point polymer, 
physical properties of scaffolds, and biocompatibility with myoblasts. 
 
The heat-bonding/particle leaching method will be used to produce a 
polypropylene (PP) scaffold, with controlled pore size. A novel non-toxic porogen, 
monosodium glutamate, will be used to create pores within the scaffold. Different 
fiber-to-porogen ratios will be studied to achieve scaffolds with different pore sizes. 
The physical properties and biocompatibility of these scaffolds are to be 
investigated. Needle-punched nonwoven PP scaffolds are to be used to compare 
the properties of the fabricated heat-bonded scaffolds.  
 
2. Examine the proliferation and distribution of myoblasts on heat-bonded 
scaffolds with dynamic culture using the designed bioreactor. 
To overcome the issues associated with the existing perfusion bioreactors, a high-
throughput perfusion bioreactor, that exposes cells to a uniform electric field, is to 
be designed and built. Myoblast viability, proliferation and distribution on the 
heat-bonded scaffolds will be conducted to assess the efficiency of perfusion 
bioreactor. 
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3. Determine the best electrical parameters for electrical stimulation of 
myoblasts on heat-bonded PP scaffolds. Determine the influence of the PPy 
coating on cell activity with electrical stimulation. 
Electric field strength is an important factor for myoblast proliferation and 
differentiation in electrical stimulation; various electrical parameters will be 
studied in relation to myoblast cell activity. Cell activity on the PPy coated scaffolds 
will also be assessed and compared to non-coated scaffolds, under electrical 
stimulation. 
 
1.3 Thesis outline 
 
This thesis comprises seven chapters. 
 
Chapter 1 introduces research problems, specific aims and outline of this thesis. 
 
Chapter 2 reviews research progress in skeletal muscle tissue engineering and 
scaffolds used in skeletal muscle growth, cell culture methods used in tissue 
engineering, and neo-skeletal muscle tissue formation in vitro using electrical 
stimulation. 
 
Chapter 3 describes all materials used, scaffold fabrication methods, cell culture 
and characterisation techniques. 
 
5 
 
Chapter 1 
 
In chapter 4, describes the fabrication of three heat-bonded scaffolds, with 
different pore sizes and their physical properties and biocompatibility with 
myoblasts. Additionally, needle-punched nonwoven scaffolds were fabricated, to 
compare with the heat-bonded scaffold physical properties and biocompatibility. 
 
Chapter 5 describes the design and fabrication of a novel perfusion bioreactor for 
culturing cells on heat-bonded scaffolds in a dynamic environment. Myoblast 
growth, viability and distribution in the perfusion bioreactor are evaluated and 
compared with their static culture performance. 
 
In chapter 6, describes myoblast growth and differentiation on polypyrrole-coated 
heat-bonded scaffolds, under electrical stimulation, in a dynamic culture 
environment.  
 
Chapter 7 summarizes the main conclusions obtained from this study. Suggestions 
for future experiment in this area are provided.   
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2. Literature review 
 
2.1 Skeletal muscle tissue 
Skeletal muscle makes up almost 48% of our body mass [10] is anchored by 
tendons to bone (Fig.2.1), and is used to control skeletal movement, such as 
locomotion and maintaining posture. The actuation is brought about by electric 
impulses from the brain, transferred through the nervous system.  
 
 
 
 
 
 
 
 
 
Fig.2.1 Structure of Skeletal muscle [25]  
 
Myogenesis is the formation of muscle tissue by the proliferation, fusion, and 
differentiation of myoblasts (muscle cells) into multi-nucleated fibres called 
myotubes. These myofibres mature into bundles of highly oriented and dense 
muscle fibres, which form the structural units of skeletal muscle (Fig.2.2).  
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Fig.2.2. Differentiation of myoblasts in the formation of muscle fibre [26] 
 
2.1.1. Skeletal muscle injury and repair 
When a skeletal muscle is injured, satellite cells (resident multipotent stem cells) 
become activated to differentiate and assist in the muscle tissue repair and 
regeneration [2, 27]. Although slight muscle injuries can be regenerated by 
differentiation of these satellite cells, severe injuries, such as congenital defects, 
tumour ablation and traumatic injuries cannot be treated via satellite cells 
activation [28]. Treatment options for severe muscle injuries include surgical 
intervention [29] and tissue engineering [30, 31]. Surgical repair can restore 
muscle function without regenerating the lost muscle tissue, but usually induce 
anatomy and immune response to recipients and donor sites.  In instances of 
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substantial tissue loss, scar tissue forms more rapidly than myogenesis occurs, 
which prevents myofibres from regenerating the injured site. Tissue engineering 
skeletal muscle is an alternative method of growing new tissue and repairing 
injured tissue and is a process by where native tissue cells are grown on a scaffold. 
After the cell differentiation on tissue engineered scaffold in vitro, the regenerated 
muscle tissue will be implanted. This is illustrated in Fig.2.3. Tissue engineering 
enables the growth of the ideal tissue engineered skeletal muscle, not only to 
provide support and physiological stimuli (e.g. electrical signals, bioactive factors) 
for the growth and differentiation of progenitor cells, but also support oxygen, 
nutrients, carbon dioxide and wastes exchange by vascularisation [32]. 
 
 
 
 
 
 
 
 
 
 
Fig.2.3 The concept of in vitro muscle tissue engineering [28] 
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2.2 Scaffolds for tissue engineering 
Scaffolds for tissue engineering applications act as a supporting template for cell 
attachment and neo-tissue growth, and can provide biological and chemical 
signals for cell proliferation and differentiation. Here we discuss important scaffold 
properties that should be considered when designing a tissue engineering scaffold.  
 
2.2.1. Spatial Architecture 
With the human body containing around 200 different cell types [33] of varying 
sizes (Fig.2.4). Tissue engineering scaffolds pores should be large enough to let 
cells penetrate through the scaffolds. And cells grown throughout the scaffolds 
need scaffolds pores to be interconnected to facilitate gas, nutrients and waste 
exchange during culture [34, 35]. Researchers have determined a relationship 
between pore size and cell behaviour (cell attachment, migration, proliferation, 
and morphology), with many cell types not being able to colonize in scaffolds with 
pores larger than 300μm [36-40]. A pore size ranging from 50 to 150μm is large 
enough for most mature cell types (except osteoblasts and osteocytes) [36]; pores 
of approximately 5-15μm for fibroblast growth [41], 70-120μm for chondrocyte 
growth [42], 40-150μm for fibroblast binding [38], and 60-150μm for vascular 
smooth muscle cell binding [37].  
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Fig.2.4. Variations in cell size [43] 
 
Porosity is a pivotal factor for tissue engineering scaffolds. Porosity is the 
percentage void space in a solid. Porous materials are composed of three types of 
pores (Fig. 2.5); enclosed pores (which reduces the path length for oxygen and 
nutrients diffusion), through pores (offering conduits for cell proliferate and 
nutrient diffusion) and blind end pores (benefiting gas diffusion) [44]. It is believed 
that mass exchange and cell migration are related to scaffold porosity, with a high 
scaffold porosity resulting in a scaffold high permeability for gas and nutrients 
exchange and highly interconnected pores for cell migration [45-48].  
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Fig.2.5. Schematic representation of the different pore types that can exist in a 
porous scaffold (a) enclosed pores; (b) through pores and (c) blind end pores [49]. 
 
2.2.2 Surface Properties 
Cell behaviour on a scaffold is dependant, in part, on the surface properties of the 
scaffold material; these properties include wettability [50], surface chemistry [51], 
and surface topography [52].  
 
Ikada [53] indicated that material surface chemistry affected the biocompatibility 
of a scaffold, with surface modification transforming conventional surfaces into 
biomedical materials. Elbert and Hubbell [54] demonstrated the mechanism of cell 
interaction with the scaffold surfaces are mediated between cell integrins and 
proteins that have adsorbed to the material surface. In vivo, these integrins attach 
to the proteins of the extracellular matrix (ECM), such as fibronectin, vitronectin, 
laminin and collagen (Fig.2.6). It is therefore imperative that the scaffold surface 
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permits protein adsorption to enable cell attachment. 
 
Scaffold surface wettability is a key property in influencing protein adsorption on 
the scaffold surface. Studies in this area have been controversial and inconsistent. 
It is reported that a hydrophobic scaffold surface can easily adsorb proteins from 
an aqueous solution, however the original conformation and bioactivity of the 
protein are destroyed [55]. Conversely, it has been reported that a highly 
hydrophilic scaffold surface will prevent protein adsorption and cell adherence (04 
05 06). It is believed that surfaces with moderate wettability will not only adsorb 
proteins, but also maintain the natural protein confirmation and promote cell 
adherence [56-60].  
 
Most synthetic polymers, from which scaffolds are made, are hydrophobic. Many 
attempts have been made to modify their wettability. One of the most popular 
methods is plasma treatment, which introduces hydrophilic groups, such as 
hydroxyl, amino and sulfate groups onto the polymer surface [17, 61, 62]. Other 
methods graft hydrophilic monomers onto the polymer surface to increase the 
surface hydrophilicity [63-65]. Photo-oxidization can also be used to modify 
polymer wettability [66, 67]. 
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Fig.2.6. Cell adhesion to a material surface, including the adsorption of serum 
proteins [68] 
 
Studies have indicated that surface chemistry can regulate cell behaviour [50, 69, 
70]. Functionalisation of the polymer surface with biomolecules can enhance 
substrate biocompatibility. Presently, biomolecules utilized in surface 
fuctionalisation include multi-adhesive matrix proteins such as fibronectin [71-73], 
Arginine-Glycine-Aspartic acid (RGD) peptides [74-76] and growth factors [77-79]. 
Attachment of biomolecules on the scaffold surface can be achieved by covalent 
attachment [80-82] and electrostatic adsorption [83-85].  
 
2.2.3 Mechanical properties 
During the tissue engineering process scaffolds need to maintain their structural 
integrity after implantation, until new tissue grows. The appropriate scaffold 
mechanical properties are pivotal to the success of the implanted scaffold. 
Prendergast indicated that a lack of scaffold strength, to endure the physiological 
loads, will result in implant failure [86]. Not only do scaffolds for bone tissue 
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engineering require load-bearing mechanical properties, but also scaffolds for soft 
tissues need mechanical properties matching those of the native tissue [87]. The 
mechanical properties of a scaffold are influenced by its structural properties, such 
as fibre orientation and porosity [88, 89], and the material from which it is made.  
 
In summary, the ‘ideal scaffold’ is intended to structurally and chemically mimic 
the native ECM of a tissue. Therefore, it is pivotal to fabricate a three-dimensional 
scaffold with the appropriate structural properties, mechanical properties (tensile 
and compressive), and surface properties. The ideal scaffold properties vary 
between tissue types, but the fundamental requirements of a scaffold are that it 
should be biocompatible, non-cytotoxic, with the appropriate architecture and 
mechanical properties. 
 
2.2.4 Scaffolds for skeletal muscle tissue engineering  
Attempts have been made to develop scaffolds that mimic the ECM of skeletal 
muscle, to control myoblast behaviour. Cell-cell and cell-ECM interactions govern 
cell shape, cytoskeletal organisation, cell proliferation and differentiation [46, 47]. 
Mouse C2C12 myoblasts (the satellite cell of the C3H mouse) have been commonly 
used as a model cell line for skeletal muscle tissue engineering due to its easy 
expansion and culture conditions [11, 12]. Studies have found the morphology of 
myoblasts, fusing cells and myotubes to be different between a two-dimensional 
(2D) monolayer and three-dimensional (3D) culture systems [48, 49], with 
increased filopodia, leading to increased cell-cell interactions and enhanced multi-
nucleated myotube formation. Huang et al. [50] demonstrated that 2D cell culture 
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cannot support the main muscle function of force production. The range of 
scaffolds for muscle tissue engineering include, decellularised muscle tissue, 
hydrogel scaffolds and fibrous scaffolds 
 
2.2.4. 1 Decellularised tissue scaffolds 
Three-dimensional scaffolds used to engineer muscle tissue include decellularised 
mouse extensor muscle [90-92]. This scaffold type provides the native ECM 
architecture to support cell attachment, proliferation, and differentiation, with 
various proteins and cytokines necessary for enhanced cell growth. Limitations of 
this scaffold type include limited availability, with donor site morbidity and the 
potential for an adverse immune reaction. Fig.2.7 showed the muscle before and 
after decellularization. 
 
 
 
 
 
Fig.2.7 Decellularization of whole mouse muscles. Macroscopic appearance of the 
(1) Tibialis anterior and the (2) Extensor digitorum longus before (A) and after (B) 
decellularization. Confocal microscopy images of the decellularized tissue 
following immunodetection of laminin shows tubular organization corresponding 
to the spaces previously occupied by individual muscle fibers myofibers (C) [91].  
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2.2.4.2 Hydrogel scaffolds 
In 1960, Wichterle and Lim developed the cross-linked poly(2-hydroxyethyl 
methacrylate) (pHEMA) hydrogel, which has been used as a contact lense material 
[93]. Gel-like scaffolds consisting of hydrogels contain large quantities of water 
(>30%) and cross-linked co-monomers. A large variety of techniques have been 
used to develop hydrogel scaffolds, such as thermal cross-linking [94], protein self-
assembly [95], photo-initiated cross-linking [96], and direct-write assembly [97]. 
The unique properties of hydrogels give them applications in soft contact lenses, 
drug delivery, and tissue engineering. However, the poor mechanical properties of 
these scaffolds need to be improved, together with the development of a non-
toxic cross-linker. 
 
Collagen [7, 98, 99] and fibrin [30] gels with thickness up to 800 μm have been 
used as 3D scaffolds to grow new muscle tissue (Fig.2.8). However, these scaffolds 
inhibited adequate nutrient diffusion into the scaffold centre [7], due to 
permeability limitations through the gel [100], leading to cell migration to regions 
of higher nutrient diffusion (the scaffold perimeter) and, resulting in a non-
uniform cell distribution through the scaffold. 
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Fig. 2.8 Digital photo of a fibrin gel with myotube line patterns (A). Phase-contrast 
micrograph of myotube line patterns on the gel (B) [101]. 
 
2.2.4.3 Fibrous scaffolds 
Fibrous scaffolds for tissue engineering muscle have been fabricated by 
electrospinning and nonwoven methods. These structures have a high surface 
area to volume ratio (for increased cell attachment and proliferation), good pore 
interconnectivity (for cell penetration and nutrient and metabolic waste exchange) 
and some control over fibre orientation (for cell and tissue orientation).  
 
Two-dimensional fibrous scaffolds used in muscle tissue engineering  [23, 102] are 
manufactured using electrospinning methods (Fig.2.9 a, d), which due to their 
fibrous nature provide contact guidance to regulate cell behaviour, for example 
aligned electrospun nanofibers [102], to direct cell alignment and myotube 
formation (Fig.2.9 b, c, e, f). However, limitations of this scaffold type include poor 
cell penetration into the scaffold, due to small pore size, and insufficient scaffold 
thickness to grow a three dimensional tissue.  
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Fig. 2.9. Electrospun scaffolds and C2C12 myoblasts behaviour on scaffolds. SEM 
images of random (a) and aligned (d) electrospun scaffolds. Myoblasts morphology 
on random (b) and aligned (e) electrospun scaffolds. MHC expressing 
multinucleated myotubes on random (c) and aligned (f) electrospun scaffolds [24].  
 
Three-dimensional fibrous scaffolds used in muscle tissue engineering include 
those fabricated using non-woven method (Fig.2.10) [10]. This fabrication method 
permits the production of a 3D scaffold, with structural and mechanical properties 
controlled through the web preparation (carding method) and bonding methods   
[103]. Limitations of these structures as scaffolds can include poor control of fibre 
orientation and pore size and inadequate mechanical properties. Some of these 
limitations have been overcome by, for example, the incorporation of internal 
channels into the nonwoven structure [104] and combining fibre bonding and 
particulate leaching methods (63) to increase strength and control pore size.  
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Fig.2.10. H&E of tissue generated after 6 weeks with myoblasts cell-polymer 
construct (M), neoskeletal muscle (P), X400. [10].  
 
2.3 Electrical stimulation in muscle development  
 
Electrical stimulation has been used to stimulate electroactive cells such as 
myoblasts, nerve cells and cardiomyocytes, and direct cell behaviour including cell 
morphology, proliferation, alignment, gene expression, and migration [105-107]. 
Electrical stimulation has many advantages over other approaches (such as 
chemical cues and growth factors), including being free of toxic chemicals and 
more cost-effective than growth factors. Electrical stimulation is widely used in 
nerve, cardiac, and skeletal muscle tissue engineering.  
 
Skeletal muscle development and maturation is controlled by electrical impulses 
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from the brain through the nervous system. Lack of electrical activity in utero will 
result in a developmental block at the level of primary myotubes and will result in 
incomplete maturation of the skeletal muscle [108]. In vitro, ES has been used to 
enhance the alignment and differentiation of skeletal muscle cells on scaffolds for 
tissue engineering [109-112]. It is reported that repetitive contraction of cultured 
myotubes can be controlled by periodical electrical stimulation in vitro [113]. 
However, the effect of basic electrical stimulation parameters such as pulse 
frequency, pulse width, and electric field strength are still unclear. Salmons and 
Sreter [114] reported that pulse frequency is governed by the motor nerves and 
manipulates fast and slow muscle types.  Electric field strength and pulse width 
are responsible for cell differentiation [115, 116], maturation [117], and the force 
produced by muscle [14-16, 118]. 
 
2.3.1 Electrical stimulation parameters for skeletal muscle tissue 
regeneration  
Until now, there is no consistency on specific electric field strength, and a wide 
range of electric field strengths were applied to study the influence of electrical 
stimulation in skeletal muscle [110, 117-120]. Electric field strength greater than 5 
V/mm inducing electrochemical damage was found to influence the normal 
function of the engineered muscle [120]. Flaibani et al [110] found muscle 
precursor cells showed elongated morphology and enhanced differentiation under 
square pulses of 70mV/cm.  While electric electric field strength more than 0.5 
V/mm induced to the increase of force [118]. It is reported that longer pulses 
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(more than 0.5ms) could induce the release the Ca2+ and sarcomere shorten in rats 
muscle [121]. However, pulse widths between 1 and 4ms produced peak tetanic 
force and dynamics, suggested to be used for all electrical stimulation of 
engineered muscle [118].  
 
2.3.2 Scaffolds in electrical stimulation  
Most of the scaffolds for muscle tissue engineering with electrical stimulation are 
non-electrically conductive [14, 109, 122]. However, electrical conductive scaffolds 
offer a means of directly electrically stimulating on seeded cells and control cell 
behaviour [122]. There are several approaches to make a non-conductive scaffold 
electrically conductive, which can involve the use of metals [123], carbon 
nanotubes (CNTs) [124], graphene [125], and conducting polymers [126-129]. 
Scaffold surface modification with conducting polymers induces electrical stimuli 
responsive interface for cell development. Owing to the high electronic and ionic 
conductivities and good biocompatibility, conducting polymers can be used to 
electrically stimulate cells, like myoblasts, which will be discussed below.  
 
 
2.3.3 Conducting polymers 
Conducting polymers are a series of organic polymers that exhibit semi-conductor 
properties. The discovery of conducting polymers dates back to 1977 in Shirakawa, 
Louis and MacDiarmid’s work on polyacetylene [130]. Electroconducting polymers 
include polyacetylenes, polypyrrole (PPy), polyaniline (PANI), polythiophene (PT), 
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and its modified polymer poly(3,4-ethylenedioxythiophene) (PEDOT), which are 
illustrated in Figure2.11. PPy is widely used in tissue engineering applications [131-
134]. Due to its simplicity of preparation, cost-effectiveness and good 
biocompatibility PPy has attracted much interest in the biomaterials area. 
Different types of cell behaviours, such as cell attachment [135], proliferation [136], 
and differentiation [137] have been investigated, with positive results. 
Furthermore, peptides, heparin, and nerve growth factors can be easily entrapped 
in PPy to improve its biocompatibility [138-140]. 
 
 
 
 
 
 
 
 
 
 
                Fig.2.11. Structure of several conducting polymers 
 
2.3.3.1 PPy Polymerisation and Deposition 
To date, there are two main methods for PPy synthesis and deposition on a bulk 
material: electrochemical and chemical polymerisation. The mechanisms of these 
methods are illustrated in Fig.2.12. Electrochemical polymerisation occurs on a 
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conducting surface within electroplating solutions, including pyrrole [141]. 
Chemical polymerization involves mixing pyrrole and a strong oxidizing agent 
(typically FeCl3) [142-144]. These two polymerisation methods are used to deposit 
PPy onto the surface of substrates [145], with advantages and disadvantages for 
each method. Electrochemical polymerization is a relatively easy method, 
producing high quality PPy of controllable thickness, with abundant dopant ions 
[146, 147]. However, this method requires a conductive substrate, otherwise the 
growth of the PPy is limited and results in a very thin film. This method is also quite 
expensive. The chemical polymerization method includes chemical oxidative 
polymerization [148], admicellar polymerization [149], and layer by layer 
deposition [150]. Using the chemical polymerization method composites of 
polymer and PPy can be obtained with different properties, with the production 
being large scale and low cost. Both electrochemical and chemical polymerization 
involves liquid phase deposition (LPD). Additionally, PPy can also be deposited by 
a dry vacuum process (chemical vapour deposition).  
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Fig.2.12. PPy synthesis: electrochemical and chemical polymerization 
 
2.3.3.2 Polypyrrole deposition using chemical vapour deposition  
The earliest study of chemical vapour-phase deposition (CVD) prepared 
polypyrrole was reported in 1986 by Hasan and his coworkers [151]. The first step 
is to immerse the substrate in anoxidant solution and then expose it to pyrrole 
monomer vapour. A transport medium, for particle agglomeration, dispersants, or 
stabilizers is not needed. Thus polymerization in a solution can be eliminated and 
the efficiency of PPy is greatly enhanced. The CVD method results in a uniform 
coating on the substrate, which closely follow the contours of material surface. 
The morphology of PPy on the substrate surface varies with the method used: a 
film of PPy is produced on the paper fibre surface using the CVD method, while 
PPy particles are produced using the liquid-phase deposition (LPD) method [152]. 
Therefore, when depositing PPy on 3D porous scaffolds, small pores can be easily 
blocked using the LPD method, however, pores may remain open using the CVD 
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method [153]. 
 
2.3.3.3 Interaction between polypyrrole and biomolecules 
PPy can be switched from the oxidized state to the reduced stated when the anions 
are incorporated and released (Fig. 2.13). Due to this special property, conducting 
polymers have been studied for the controlled release of anions (A-), including 
biochemicals. In 1984, Zinger and Miller first investigated the release of glutamate 
anions from polypyrrole [154]. Following this, researchers studied other dopants, 
such as adenosine 5’-triphosphate (ATP) [155-157], heparin [136, 158], lamin-
derived peptides [159] and growth factors [160, 161]. 
 
 
 
 
Fig.2.13. Reversible switching process between the doped (oxidized) state and 
de-doped (neutral) state of PPy [141]. 
 
2.4 Cell lines  
Satellite cells, first described in 1961, located on the plasmalemmal surface of the 
muscle fibre and below the basement membrane surrounding the fibre [2]. They 
can not only grow to self-renew, but also differentiate into muscle cells.  
In engineered muscle tissue, satellite cells are supposed to proliferate and 
differentiate into muscle cells. Varied kinds of mesenchymal stem cells (MSCs) with 
high proliferation and self-renewal have been used. However, it is still difficult to 
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induce the differentiation. Additionally, it is another invasive procedure for patient 
to harvest MSCs [162]. Satellite cells, specific mesenchymal stem cells of skeletal 
muscle, have already been proven to myogenic differentiation. They can 
differentiate into myoblasts and fuse with pre-existing, damaged muscle fibres, or 
myoblasts can fuse with each other and ultimately differentiate to muscle fibres. 
However, the differentiation is also difficult.  To date, C2C12 cell line (satellite cells 
of C3H mouse) have been commonly used as a model cell line for skeletal muscle 
tissue engineering due to its easy expansion and culture conditions [118-119].  
 
2.5 Cell culture methods in tissue engineering 
In vivo, nutrient and waste exchange occurs from the surrounding blood 
capillaries. Oxygen is an important nutrient for cells growth, and cells consumed 
oxygen almost at the same rate as glucose (e.g. 20 nM) [163]. However, during in 
vitro culture cell do not have a surrounding capillary network and therefore 
cannot get sufficient oxygen due to its poor solubility (approximately 0.2 mmol 
O2/L) in the cell culture medium [164].  
 
In tissue engineering, cell culture methods include static culture and dynamic 
culture methods. Static culture uses cultureware, such as a petri dishes and culture 
wells, to expand cells on scaffolds, with the cell seeded scaffold submerged in 
culture medium, in a static state; not perfused through the scaffold. Although this 
method of culture is cost effective and easy, the oxygen and nutrients are supplied 
to the cells by diffusion alone, meaning that only a few hundreds of micrometres 
of tissue thickness can be supported [165]. Martin et al. reported that most of the 
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chondrocytes can only survive to a depth of approximately 400 μm on a fibrous 
poly(glycolic acid) fibrous scaffold [166]. Therefore, the static culture method is 
inadequate for three-dimensional tissue engineering, due to limitations of 
nutrient supply, oxygen exchange and waste removal in a 3D scaffold.  
 
Some tissues, such as bone and skeletal muscle, require three-dimensional 
scaffolds for regeneration. In this case, a dynamic culture method is needed to 
obtain a uniform distribution of cells throughout the scaffold, with sufficient 
nutrient and waste exchange to permit culture in a 3D scaffold. A range of 
bioreactors have been designed for dynamic culture, such as spinner flasks [167, 
168], rotary bioreactors [169, 170] and perfusion bioreactors [171-175] (Fig.2.14).  
However, spinner flasks and rotary bioreactor can only increase the nutrient and 
gas transportation to the scaffold exterior, with the interior still lacking in fresh 
nutrients and oxygen. Perfusion bioreactors are designed to perfuse cell culture 
medium through the interconnected pores of a 3D scaffold. Such systems can 
increase the level of mass transportation through to the interior of the scaffold, 
compared with the rate of diffusion alone. 
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Figure 2.14. Representative bioreactors for tissue engineering applications. 
Spinner flask bioreactors (a), Rotating-wall vessels (b), Direct perfusion 
bioreactors (c) [176]. 
 
Skeletal muscle is a high metabolic demand tissue; therefore, the consumption of 
nutrients are higher. And the improvement of nutrients supply are urgently 
needed by the culture method.  To date, perfusion bioreactor is the most 
prominent culture systems to satisfy the high nutrients demand. The advantage of 
the perfusion bioreactor is that it mimics the physiological delivery of gas and 
nutrients in blood flow to provide a much higher mass transfer rate than static 
culture. Medium perfusion through the scaffold offers greater nutrient 
transportation to the cells [177, 178]. Additionally, cell metabolite waste can also 
be removed from the interior of scaffold during medium exchange [179-181].  
Different kinds of perfusion bioreactors have been designed to achieve high 
nutrient and waste exchange, however, there are still some problems that need to 
be resolved, such as the time spent assembling the bioreactor [13], low through-
put (accommodates low number of scaffolds per bioreactor chamber) [182], and 
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uneven electrical field (electric field was uniform only between the carbon 
electrodes, and the scaffolds outside of the electrodes get no electric field ) [183]. 
Although Dahlin et al [184] reported a high-throughout (which can accommodate 
twenty 2 mm scaffolds, ten 3 mm scaffolds, ten 5 mm scaffolds, and four 8 mm 
scaffolds) perfusion bioreactor, however medium exchange was poor. 
 
Until now electrical stimulation chambers have been fabricated to enhance muscle 
cells differentiation during electrical stimulation (Fig.2.15). Serena et al [22] 
suggested a perfusion bioreactor integrated with electrical stimulation could 
enhance cell proliferation, distribution and differentiation of muscle cells. Maidhof 
et al [13] combined perfusion bioreactor and electric stimulation together for 
cardiac tissue, and found DNA contents, cell distribution through the scaffold 
thickness, cardiac protein expression, cell morphology and overall tissue 
organization significantly improved compared to control groups (perfusion 
without ES, static with ES and static without ES). 
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Fig.2. 15. Different electrical stimulation chambers: Photograph of an assembled 
electrical stimulation chamber (a) [185], 3D muscle stimulating bioreactor (b) 
[120],  Electrical stimulation culture chamber [186] (c),  Perfusion–stimulation 
bioreactor set-up [13] (d). 
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Chapter 3 Materials and Methodology 
The materials, preparation and characterization techniques used for all the 
experiments in this PhD study are listed in this chapter. 
 
3.1. Materials 
PP fibres (length 2 mm, diameter 38±10 μm; Deakin University, Australia), ethanol 
(>99.5%, Sigma Aldrich, Australia), monosodium glutamate (MSG; locally sourced), 
PP fibres (length 100 mm, diameter 27 μm; Vinafibres, Vietnam), Pyrrole (C4H5N, 
^ŝŐŵĂůĚƌŝĐŚͿ͕&Ğůϯʞϲ,ϮK;ůĚƌŝĐŚͿ͕ƵůďĞĐĐŽ Ɛ͛ŵŽĚŝĨŝĞĚĂŐůĞ Ɛ͛ŵĞĚŝƵŵ;DD͖
Gibco®, Life Technologies, Australia), fetal bovine serum (Gibco®, Life 
Technologies), horse serum (Gibco®, Life Technologies), penicillin/streptomycin 
(5000 units/mL, Gibco®, Life Technologies), MTS assay (Promega, United States), 
Cell viability assay (Live/dead; Life Technologies), anti-myosin heavy chain (anti-
MHC) using MF-20 (Developmental Studies Hybridoma Bank, University of Iowa, 
IA), and cell nuclei using 4', 6-diamidino-2-phenylindole (DAPI; Invitrogen, 
Carlsbad, CA), 2.5% glutaraldehyde (ProSciTech Pty Ltd, Australia), 
Paraformaldehyde (Sigma Aldrich), hexamethyldisilazane (ProSciTech Pty Ltd) and 
phosphate-buffered saline (PBS 10 mM, pH 7.4, Thermo Fisher Scientific, Australia) 
were used as received. Milli Q water was used throughout all experiments. 
 
3.2. Fabrication and surface modification of fibrous Scaffolds 
Scaffold preparation  
To fabricate the heat-bonded scaffolds, PP fibres were mixed with a porogen 
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;ŵŽŶŽƐŽĚŝƵŵŐůƵƚĂŵĂƚĞ;D^'ͿͿŽĨƉĂƌƚŝĐůĞƐŝǌĞďĞƚǁĞĞŶϯϬϬĂŶĚϲϬϬʅŵ͕ƚŽϯ
ratios of 1:10, 1:20, and 1:30 (wt/wt), which were marked as PP-10, PP-20 and PP-
30, respectively. The mixture was blended together using a blender and placed 
into a metallic cast, where it was compressed to a thickness of 3 mm, and heated 
to 182°C for 31 min in a laboratory convection oven. After cooling to room 
temperature, the bonded scaffold was removed from the cast and washed 
thoroughly with deionized water, to remove the MSG particles and leave a porous 
scaffold. 
 
Needle-punched nonwoven scaffolds was prepared in CSIRO. In brief, PP fibres 
(length 100 mm) were carded and parallel-laid to form a batt of approximate mass 
per unit area 240 g/m2. This batt was needle-punched twice (front and back), to a 
penetration depth of 3 mm, to a total punch density of 4 punches/cm2 to produce 
a bonded scaffold. Prior to plasma treatments both scaffold types were rinsed in 
100% ethanol and autoclave sterilised.  
 
Air plasma was used to increase the wettability of PP-20 heat-bonded scaffold and 
PP needle-punched scaffold, using a lab scale vacuum plasma system (IFM Group; 
Deakin University). The scaffold samples were placed on the substrate electrode 
holder in the reaction chamber. After vacuuming, the plasma chamber was set to 
approximately 0.02 torr and air was introduced into the chamber. The air flux was 
regulated with a needle valve to maintain the chamber pressure at 0.05 torr. 
Electrical discharge was then ignited to generate plasma, and the scaffold sample 
was treated for 5 min on both sides. 
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Polypyrrole (PPy) was applied onto the fibrous scaffolds using a chemical vapour 
deposition method (CVD) technique. Firstly, PP fibrous matrices were immersed 
in the 5% (wt/v) FeCl3 in ethanol for 10 min and then left in fume hood to allow 
them dry. The FeCl3 coated matrices were placed in a chamber filled with pyrrole 
vapour (through heating pyrrole at 60 oC) to carry out polymerization reaction. 
After 3 min of polymerization, the PP matrices were rinsed with ethanol and water 
thoroughly. 
 
3.3 Characterisations  
Scaffolds dimension 
Fabricated scaffold types (n=5 each type) were measured for thickness (mm) and 
mass per unit area (g/m2) using ASTM D3776-09 Standard Test Methods.  
 
Scaffolds morphology 
Scanning electron microscopy (SEM) was used to assess fibre surface topography. 
Samples in Fig.4.4 were chromium coated using a Dynavac Xenosput 2000 
(Dynavac, United State) and micrographs taken at 1.2 kV using a Hitachi Schottky 
Emission Variable Pressure Scanning Electron Microscope (Hitachi, Japan). Other 
samples were sputter coated with gold using a Bal-tec SCD50 sputter coater. All 
images were taken at a voltage of 10 kV SEM was carried out with a JEOL Neoscope 
JCM-5000 SEM Benchtop (JEOL Ltd., Japan).  
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Scaffolds pore size 
Three different ratios of fibres/porogen heat-bonded scaffolds were tested by 
CFP-1100-AI capillary flow porometer (PMI Porous Materials Int. United States) in 
Donghua University (China). 
Due to the availability of the facility, the comparison of heat-bonded PP-20 
scaffolds and needle-punched scaffolds were analysed from Micro x-ray computer 
tomography sectional images, which will be illustrated in the next section.   
Scaffolds structure 
Micro x-ray computer tomography (micro-CT; Xradia© micro XCT200, Carl Zeiss X-
ray Microscopy, Inc., USA), as shown in Fig.3.1, was used to observe the internal 
structure of the heat-bonded and needle-punched fibrous scaffolds. Avizo 
software (Mercury Computer Systems, Germany) was used for image 
segmentation; capturing scaffold cross-section in the longitudinal direction at 
1.95μm intervals. Three-dimensional images were reconstructed from these 
sectional images using image processing software (TXM3DViewer, Carl Zeiss X-ray 
Microscopy, Inc. USA). Scaffold porosity was calculated from micro-CT sectional 
images, thresholding the image to separate void and solid fractions using the Avizo 
software, and calculating scaffold porosity by comparing the void volume with the 
total sample volume. Scaffold pore size was also measured from the micro-CT 
sectional images, using image analysis software (Image Pro® Plus, Media 
Cybernetics, USA) to measure the distance between adjacent fibres (typically n=23 
and n=103 pores/sectional image for heat-bonded and needle-punched scaffolds, 
respectively) on five equally spaced cross sectional images captured throughout 
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the scaffold structure. 
Fig.3.1 Overview of Micro x-ray computer tomography (a), and its internal 
structure (b).
Mechanical characterisation of scaffolds 
Heat-bonded and needle-punched scaffolds were assessed for their uniaxial 
tensile properties in both the machine and cross directions using an Instron 
Tensile Tester (5567; Instron Corp, USA) and a 100 N load cell. Prepared samples 
(n=4 samples in each direction), of dimensions 30 mm length × 5 mm width, were 
secured in the jaws of the Instron to a gauge length of 20 mm and extended to 
failure at an elongation rate of 10 mm/min. Stress-strain curves were plotted from 
the generated force and elongation data. Nominal stress (MPa) was calculated by 
dividing the force (N) by the initial cross sectional area (mm2) and strain by dividing 
the extension (mm) by the initial gauge length (mm). Young’s modulus (MPa) was 
determined from the slope of the stress-strain curve from 0 to 10% strain. Yield 
stress (MPa) and yield strain (%) were also determined from the stress-strain 
curves. 
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Scaffold wettability 
Water contact angle on the scaffold surface (n=3 scaffolds per scaffold type) was 
measured using the sessile drop technique with deionised water (5 μL), using a 
Contact Angle Meter (Model CAM101; KSV Instruments Ltd, Finland).  
Scaffold surface chemistry 
Scaffold surface chemistry was analysed (n=3 scaffolds per scaffold type) using 
Fourier transform infrared spectroscopy (FTIR; Bruker Optics, Germany) in ATR 
mode. Obtained FTIR spectra were used to identify the presence of specific 
chemical bonds on the surface of raw PP fibre and the scaffolds. 
3.4. Cell culture and test 
 
All scaffolds for biological work were washed by ethanol and milli Q water, and 
autocalved before cell culture. Mouse C2C12 myoblasts (ECACC, Sigma-Aldrich, 
Australia) were conducted throughout the biological work.  
Cell growth medium and differentiation medium 
Cell growth medium contains DMEM (Gibco®, Life Technologies), 10% fetal bovine 
serum (Gibco®, Life Technologies) and 1% penicillin/streptomycin (5000 units/mL, 
Gibco®, Life Technologies). While cell differentiation medium composed of DMEM 
(Gibco®, Life Technologies), 2% horse serum and 1% penicillin/streptomycin. 
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2D static culture 
Heat-bonded and needle-punched scaffolds (diameter 11 mm and thickness 3 mm) 
were placed in microbiological grade, suspension culture, 24 well plates (Greiner 
Bio-One, Australia). Mouse C2C12 myoblasts (passage 6; ECACC, Sigma-Aldrich) 
were suspended in cell medium at a concentration of 25×104 cells/mL. Cell 
suspension (0.2 mL; 5×104 cells/scaffold) was statically seeded onto the scaffolds 
(n=13 scaffolds per scaffold type) and cultured statically in vitro under standard 
culture conditions (37 °C, 5% CO2) for up to 21 days, with medium and changed 
every other day. 
3D dynamic culture 
Non-coated and PPy coated heat-bonded scaffolds were placed in microbiological 
grade, suspension culture, 24 well plates (Greiner Bio-One, Australia). To seed 
cells on the scaffold, 0.2ml C2C12 myoblast suspension (10×105 cells/mL) was 
dispersed on the pre-wet scaffolds. After 1 hour incubation, scaffolds were turned 
over, and another 1 ml growth medium was added, and cultured statically in vitro 
under standard culture conditions (37 °C, 5% CO2) for 2 days. Scaffolds were 
turned over again after 2 days culture and transferred to the perfusion bioreactor 
under standard culture conditions (37 °C, 5% CO2) for up to 14 days with medium 
and changed every 3 days. The whole cell culture process is illustrated in Fig.3.2.  
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    Fig.3.2 Diagram of cell culture  
 
A Watson-Marlow 503U Peristaltic Pump (Watson-Marlow Ltd, UK) was employed 
to maintain the circulation of the culture medium. Silicone tubes (inner diameter, 
1/8 in., Merck Millipore, Australia) was used to connect the bioreactor and 
medium reservoir. 
 
3D electrical stimulation culture 
Growth medium was changed to differentiation medium after 8 days dynamic 
culture, and electrical stimulation started on day 9 for 2 days electrical stimulation 
(4 mV/mm, and 600 mV/mm, with 3 ms pulses at a frequency of 2Hz) using 
function generator (Stanford research systems, United States). For comparison, 
cells were also cultured on the scaffold without electrical stimulation. The 
differentiation medium was changed every day.   
Cell proliferation 
Cell number was quantified using an MTS assay (Promega, United States), 
following the manufacturer’s instruction, and measuring absorbance at 492 nm 
using a HALO MPR-96 visible microplate reader (Dynamica Scientific Ltd., United 
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Kingdom). Prior to conducting the assay, scaffolds were rinsed with PBS and 
transferred to new wells. Cell number was measured after 3 days, 7 days, 14 days, 
and 21 days of static culture. For the dynamic culture, cell number was measured 
absorbance at 490 nm after 4, 8, 14 days culture on microplate reader (SH-
1000Lab, Corona Electric Co., Ltd, Japan). Background absorbance was corrected 
by subtracting the absorbance index of scaffolds (without cells) in culture medium. 
Cell viability 
To assess cell viability, the LIVE/DEAD® Viability/Cytotoxicity Kit (Live/dead; Life 
Technologies) was used following the manufacturer’s instruction, on days 3, 7, 14, 
and 21 of static culture and 4, 8 and 14 days dynamic culture. In addition, the cell 
viability after 2 days of electrical stimulation was also conducted. Prior to adding 
the reagents, scaffolds were rinsed in phosphate buffered saline (PBS; Sigma 
Aldrich) to remove any non-adherent cells from the scaffolds and transferred to 
fresh wells. Treated samples were assessed using a fluorescent microscope (Leica 
TCS SP5 Confocal Microscope, Leica Microsystems, Wetzlar) (Fig.3.3) to visualise 
live calcein AM stained (green) cells and dead ethidium homodimer-1 stained (red) 
cells.  
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Fig.3.3. Confocal Leica TCS SP5
Cell morphology and pore spanning in the scaffolds were observed using scanning 
electron microscopy (SEM) following 7 and 21 days static culture, and 14 days 
dynamic culture. Heat-bonded, needle-punched scaffolds and PPy coated 
scaffolds (n=3 scaffolds per scaffold type) were prepared for SEM analysis, by 
rinsing in PBS, fixing in 2.5% (v/v) glutaraldehyde (ProSciTech Pty Ltd, Australia) in 
PBS. Samples were then rinsed in PBS for 3×20 min and serially dehydrated in 50%, 
70%, 80%, 95%, and 100% ethanol (Sigma-Aldrich) for 30 min each, with an 
additional 30 min for the 95% and 100% concentrations. Samples were placed in 
1:1 ethanol:hexamethyldisilazane (ProSciTech Pty Ltd) for 10 min and finally in 
pure hexamethyldisilazane for 3×10 min. Samples were left to dry overnight in 
fume hood and then gold coated using a Baltec SCD 500 (Bal-Tec AG, 
Liechtenstein), with micrographs taken at 10 kV using a Joel Neoscope scanning 
electron microscope (JEOL, United States). 
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Cell differentiation 
To assess cell differentiation following 21 days static culture, and 2 day electrical 
stimulation with dynamic culture, cells were stained for anti-myosin heavy chain 
(anti-MHC) using MF-20 (Developmental Studies Hybridoma Bank, University of 
Iowa, IA), and cell nuclei using 4', 6-diamidino-2-phenylindole (DAPI; Invitrogen, 
Carlsbad, CA). Scaffolds (n=3 per scaffold type) were rinsed in PBS and cells were 
fixed with 4% paraformaldehyde (Sigma) in PBS for 20 min and then permeabilized 
with 0.2% Triton X-100 (Sigma) in PBS for 10 min. Cells were blocked with 2% horse 
serum (Life Technologies) in PBS for 30 min at room temperature. Scaffolds were 
then incubated with MF-20 overnight at 4 oC, followed by incubation with a 
secondary antibody (Dylight 488-conjugated goat anti-mouse IgG; 1:100; Life 
Technologies) and DAPI in the dark at 37 oC. The stained cells were imaged with a 
Leica SP5 Confocal Microscope, with cells pseudo-coloured green and blue for 
MHC and cell nuclei, respectively. The level of cell differentiation was assessed 
from the obtained microscope images (5 images per scaffold sample, and 3 
samples per scaffold type), counting myotube number, and calculating the fusion 
index and maturation index for each scaffold type, using image analysis software 
(Image Pro Plus, Media Cybernetics, Inc., USA). Myotube number was noted as the 
total number of myotubes per scaffold type. Fusion index was calculated as the 
percentage of nuclei contained within myotubes with 2 or more nuclei. The 
maturation index was calculated as the percentage of myotubes with 5 or more 
nuclei [187]. Regions of the microscope images with poor resolution were not 
included in the analysis.  
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Statistical analysis 
All experiments were conducted in triplicates and data are expressed as mean ± 
standard deviation. Statistical differences were determined following a 
homogeneity of variance test for normality using a statistical software package 
(Origin 9; OriginLab, USA) using one-way ANOVA analysis and Sidak’s post hoc test. 
Difference with P < 0.05 was considered as statistically significant.  
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Chapter 4   Growth of C2C12 Myoblasts on 
Three-Dimensional Fibrous Scaffolds 
 
In this chapter, three-dimensional fibrous heat-bonded scaffolds were prepared 
and assessed for their structural and mechanical properties, and biocompatibility 
to C2C12 mouse myoblasts. Heat-bonded scaffolds with three different pore sizes 
were prepared by altering the fibre to porogen ratio in the scaffold preparation 
mixture. Based on characterised physical scaffold properties one scaffold fibre to 
porogen ratio was selected for further cell culture trials, comparing scaffold 
biocompatibility to a fabricated nonwoven needle-punched scaffold. Results 
found enhanced myoblast growth and differentiation on the heat-bonded scaffold, 
compared to the needle-punched scaffold. 
4.1 Experimental Work 
1. Heat-bonded scaffolds were fabricated using a heat-bonding and particle 
leaching method. Three different fibre to porogen ratios were used to achieve 
scaffolds with different mass and porosity.   
2. Fabricated heat-bonded scaffolds were assessed for their structural and 
mechanical properties.  
3. Needle-punched and heat-bonded scaffolds were compared for structural and 
mechanical properties and for biological response to mouse C2C12 myoblasts.  
The detailed experimental methodology has been described in Chapter 3. 
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4.2 Results  
As part of this work several particulate porogens, such as sucrose and sodium 
chloride, were investigated for their suitability as porogens in the preparation of 
heat-bonded scaffolds. To avoid melting of the porogen during the heat-bonding 
process, a porogen with higher melting point than the polypropylene (PP; melting 
point ranging from 160 to 166°C) fibre was chosen. Monosodium glutamate (MSG) 
was finally identified to be the most suitable porogen for making PP fiber-based 
scaffold through the melt bonding technique. It has an approximate melting point 
232°C.  Three scaffolds were fabricated using different fibre to porogen ratios; 1:10, 
1:20 and 1:30 (wt/wt), with the scaffolds labelled as PP-10, PP-20 and PP-30, 
respectively.  
 
4.2.1 Physical properties of heat-bonded scaffolds 
Scanning electron microscope (SEM) imaging (Fig.4.1 a-f) revealed that the fibres 
in the heat-bonded scaffolds were bonded at the fibre contact points. They 
randomly oriented and uniformly distributed throughout the scaffold structure. 
Most of the fibres retained their cylindrical shape after melt bonding. The isotropic 
fibre orientation of these scaffolds was attributed to the easy mixing of the short 
PP fibres during the scaffold preparation. 
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Fig 4.1 SEM images of fabricated PP-10 (a, b), PP-20 (c, d), PP-30 (e, f) scaffolds. 
Scale bars are 200μm (a, c, e) and 100 μm (b, d, f).  
 
Scaffolds thickness, mass per volume, porosity, and pore size are shown in table 
4.1. The thickness of all scaffold types was approximately 3 mm, ranging 0.26±0.01 
to 0.29±0.01 mm. The mass per volume decreased with increasing porogen 
content, ranging from 0.12±0.01 g/cm3 to 0.06±0.00 g/cm3. Porosity of the 
scaffolds increased from 87.1±1.1 % (PP-10) to 91.6±0.6 (PP-20) and 93.5±0.5 % 
(PP-30). Scaffold pore size was determined using capillary flow porometer. Each 
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scaffold type (dimension: 50 mm×50mm×3mm) was tested, with only one sample 
tested due to the availability of the facility. Mean pore size in each scaffold type 
was found to increase with increasing porogen content, with the smallest mean 
pore size for the PP-10 scaffold and the largest for the PP-30 scaffold. The PP-10 
scaffold possessed the smallest pore of 11 ʅm, and the PP-30 had the largest pore 
size 177 ʅm.  
 
Table 4.1 Thickness and mass per volume of heat-bonded scaffolds with different 
fibre/porogen ratios. Results expressed as mean ± SD, n=5 (except for pore size; 
n=1). 
 PP-10 PP-20 PP-30 
Thickness (cm) 0.26±0.01 0.29±0.01 0.27±0.01 
Mass/volume 
(g/cm3) 
0.106±0.008 0.075±0.005 0.059±0.004 
Porosity (%) 88.18±0.91 91.72±0.54 93.46±0.46 
Pore (mean) ʅm 48 60 81 
Pore (max) ʅm 131 138 177 
Pore (min) ʅm 11 19 28 
Scaffold tensile properties were measured using an Instron Tensile Tester, 
measuring n=3 scaffolds per scaffold type. Tensile properties of the scaffolds were 
found to be dependent on the fibre/porogen ratio (Fig.4.2 and Table 4.2). The PP-
10 scaffold was the strongest and least extensible, with the largest breaking stress 
(0.32±0.06 MPa) and the smallest breaking strain (4.91±0.31%), while the PP-30 
scaffold was the most extensible, with the highest breaking strain (16.61±0.75%). 
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PP-30 had the lowest Young’s modulus or stiffness (1.93±0.21 MPa) for up to 5% 
strain, and PP-10 had the largest Young’s modulus (9.1±2.9 MPa); almost a five-
fold increase in stiffness, compared to the PP-30 scaffold.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.2 Representative tensile stress-strain curves of heat-bonded scaffolds. 
 
Table 4.2 Tensile properties of heat-bonded scaffolds. Results expressed as mean 
± SD, n=3.  
 PP-10 PP-20 PP-30
Breaking strain 
(%) 
4.91±0.31 9.0±0.53 16.61±0.75 
Breaking stress 
(MPa) 
0.32±0.06 0.23±0.01 0.21±0.01 
Young's modulus 
(MPa) (0-5% strain) 
 
9.10±2.90 3.1±0.14 
 
1.93±0.21 
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4.2.2 Biocompatibility of heat-bonded scaffolds 
Scaffolds were assessed for myoblast attachment and proliferation for up to 7 days 
using an MTS assay. Fig. 4.3 shows the cell numbers after 3 and 7 days of static 
culture on the PP-10, PP-20, and PP-30 scaffold types. There was a significantly 
(p<0.05) greater number of cells attached to the PP-20 scaffold, compared to the 
PP-10 scaffold, after 3 days culture.  A higher, but non-significantly different, cell 
number was determined on the PP-20, compared to the PP-30 scaffold at this time 
point. Following 7 days culture, cell numbers had increased by approximately 
three-fold on the scaffold types, with significantly (p<0.05) higher cell number on 
the PP-20 scaffold, compared to the PP-10 and PP-30 scaffolds. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4.3 MTS assay of myoblast cell number on PP-10, PP-20, and PP-30. Results 
expressed as mean ± SD, n=4 scaffolds per scaffold type. Significantly different 
results expressed as *p<0.05. 
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Based on the intermediate Young’s modulus and the mass per volume of the PP-
20 scaffold, and the significantly higher cell number after 7 days culture, the PP-
20 scaffold was used for comparison to fabricated needle-punched scaffolds.  
4.2.3 Comparison of needle-punched and heat-bonded scaffolds 
Nonwoven needle-punched scaffolds have been commonly used as 3D fibrous 
scaffolds [18, 19], however, needle-punched scaffolds are often inadequate in 
mechanical properties. The scaffolds also showed poor pore size control. Heat-
bonded scaffolds offer a solution to these problems, with improved control over 
pore size and mechanical properties. 
In this section, the needle-punched and PP-20 heat-bonded scaffolds with similar 
thickness, mass per volume, and porosity were compared regarding the physical 
properties and biocompatibility when statically cultured with C2C12 myoblasts, to 
assess cell behaviour.  
 
4.2.3.1 Structural properties 
 SEM images (Fig. 4.4) revealed the structure of the heat-bonded and needle-
punched scaffolds. Fibres of the heat-bonded scaffold appeared to be melt-
bonded to each other at the point of fibre contact, with some regions of the fibre 
with irregular shape after melt-bonding (Fig. 4.4 a). Conversely, the fibres in the 
needle-punched scaffold maintained their cylindrical shape (Fig. 4.4 b). With 
higher magnification, we found the fibre surface topography of the two scaffold 
types were vastly different. Some fibres in the heat-bonded scaffold were of rough 
surface topography (Fig. 4.4 a), whilst the needle-punched scaffolds fibres were 
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smooth (Fig. 4.4 b).  
 
Fig.4.4 Representative SEM images of fabricated PP-20 (a) and needle-punched (b) 
scaffolds. Scale bar is 200 μm. 
 
Reconstructed micro-CT images were used to observe the 3D structure of the two 
scaffolds (Fig.4.5). As expected that the heat-bonded scaffold had larger pores, 
with fewer fibres per unit volume than the needle-punched scaffold. The fibres in 
the heat-bonded scaffold, oriented in all directions (Fig.4.5 a), while for the 
needle-punched scaffold, the fibres were preferentially oriented in the machine 
direction (Fig.4.5 b). Based on the micro-CT images, the calculated porosity of 
heat-bonded scaffold was 95%, and for the needle-punched sample was 91%.   
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Fig.4.5 Reconstructed micro-CT images of heat-bonded (a) and needle-punched 
scaffolds (b). Scale bar is 1000 μm. In the needle-punched scaffold, y and z 
directions are machine and cross directions. 
 
Scaffold pore size was measured from 5 of the micro-CT slices, each of thickness 
9.75 μm, captured from the scaffold structure (a total of 512 slices per scaffold 
type were captured). Fig.4.6 a-f shows representative slices from the heat-bonded 
(Fig.4.6 a-c) and needle-punched (Fig.4.6 d-f) scaffold types. The pore size 
distribution in the two scaffold types (Fig.4.6 g) differed, with  approximately 35% 
of the pores of the needle-punched scaffold with diameter less than 50 μm, 
compared to approximately 25% for the heat-bonded scaffold, and  approximately 
12% of pores in excess of 150 μm for the needle-punched scaffold, compared to 
approximately 46% for the heat-bonded scaffold.  
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Fig.4.6 Micro-CT slices of heat-bonded (a-c) and needle-punched (d-f) scaffolds 
through uppermost cross-sections (a, d), middle cross-sections (b, e), and lower 
cross-sections (c, f). Frequency distribution of pore size in heat-bonded (red) and 
needle-punched (blue) scaffolds (g).  Scale bar is 1000 μm.  
4.2.3.2 Mechanical properties  
The stress-strain curves for the heat-bonded and needle-punched scaffolds were 
determined uniaxially in both directions (Fig. 4.7), with Young’s modulus, breaking 
strain and breaking stress derived from these curves (Table 4.3). The heat-bonded 
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scaffold had a higher Young’s modulus than the needle-punched scaffold, with 
average values of 2.9±0.3 MPa and 1.5±0.5 MPa for the heat-bonded, in directions 
1 and 2, respectively, and 0.2±0.1 MPa for the needle-punched scaffolds in both 
directions. The breaking strain of needle-punched scaffolds was substantially 
higher than that of the heat-bonded scaffold in both directions, 66.6±23.0% to 
69.0±10.2% strain versus 11.3±0.9% to 12.5±2.3%. The breaking stress of needle-
punched scaffolds varied in machine direction (0.30±0.05 MPa) and cross direction 
(0.08±0.03 MPa), while heat-bonded scaffolds had similar breaking stress of 
0.18±0.04 MPa (direction 1) and 0.28±0.04 MPa (direction 2). 
 
Comparing the tensile properties in the machine and cross directions (the 
mechanical isotropy), the breaking strain and Young’s modulus of the needle-
punched scaffold was similar in both machine and cross directions, whilst the 
breaking stress was higher in the machine direction. For the heat-bonded scaffold, 
similar breaking strain (12.5±2.3% in direction 1 and 11.3±0.9% in direction 2) and 
breaking stress (0.18±0.04 MPa in direction 1 and 0.28±0.04 MPa in direction 2) 
were obtained for the heat-bonded scaffold in both directions. However, the 
Young’s modulus or stiffness (up to 10% strain) was higher in direction 1 (2.9±0.3 
MPa) than in direction 2 (1.5±0.4 MPa). Beyond 10% strain the needle-punched 
scaffold did not exhibit isotropy of stiffness, with different stiffness between 
machine and cross directions.  
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Fig. 4.7 Typical stress strain curves for heat-bonded (black and green) and needle-
punched (blue and gold line) scaffolds, in the machine (blue line) and cross (gold 
line) directions.  Vertical red line indicates 10% strain.
 
Table 4.3 Tensile properties of needle-punched scaffold and heat-bonded scaffolds. 
Results expressed as mean ± SD, n=3. 
 Needle-punched 
scaffold
(Machine 
direction) 
Needle-
punched 
scaffold 
(Cross 
direction)
Heat-
bonded 
scaffold 
(Direction 1) 
Heat-
bonded 
scaffold 
(Direction 2) 
Young's 
modulus 
(MPa) 
(0-10% strain) 
 
0.20±0.10 
 
0.20±0.00 
 
2.90±0.30 
 
1.50±0.40 
Breaking 
strain (%) 
66.60±23.00 69.00±10.20 12.50±2.30 11.30±0.90 
Breaking 
stress (MPa)
0.30±0.05 0.08±0.03 0.18±0.04 0.28±0.04 
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4.2.3 Biocompatibility 
 
4.2.3.1 Cell viability 
A live-dead cell viability assay was used to assess the viability of the myoblasts on 
the needle-punched and heat-bonded scaffold types following static culture for up 
to 21 days. Cells grew uniformly on the scaffolds fibres, with a large majority of 
live cells (green) and few dead cells (red) present (Fig.4.8 a-h). There was a greater 
number of cells on the heat-bonded scaffold at all time-points, compared to the 
needle-punched scaffold. On day 3 of culture, few cells were found on the scaffold 
fibres. At this time point sufficient cell numbers were present on the heat-bonded 
scaffold to result in cell clustering at the fibre crossovers (Fig. 4.8 e), however this 
was not apparent on the needle-punched scaffolds until day 14 of culture (Fig. 4.8 
c). On day 14, all the scaffold fibres were generally covered by cells; and lots of cell 
clusters formed on both scaffold types after 21 days culture.  
 
 
 
 
 
 
 
 
 
 
Fig.4.8 Fluorescent optical micrographs of viable (green) and dead (red) myoblasts 
attached to needle-punched (a-d) and heat-bonded (e-h) scaffolds after 3 (a, e), 7 
(b, d), 14 (c, g) and 21 (d, h) days culture.  Scale bar is 150 μm. 
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4.2.3.2 Cell number 
Myoblast number on the needle-punched and heat-bonded scaffolds types was 
assessed using an MTS assay for up to 21 days of culture. The cell number on the 
heat-bonded scaffold was higher than that on needle-punched scaffold at day 3, 
but there was no significant difference. Cell numbers reached the highest level 
following 14 days culture on both scaffold types, and dropped slightly in number 
on day 21. On days 7, 14 and 21, the heat-bonded scaffolds showed significantly 
(p<0.05) higher cell number compared to the needle-punched scaffolds.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4.9 MTS assay of myoblasts on needle-punched (blue) and heat-bonded (red) 
scaffolds. Results expressed as mean ± SD, n=4 scaffolds per scaffold type. 
Significantly different results expressed as *p<0.05. 
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4.2.3.3 Cell morphology  
Cells on the scaffolds were investigated by SEM imaging (Fig.4.10 a-d) after 7 and 
21 days of culture. Cells remained singular on the needle-punched scaffold 
(Fig.4.10 a) at day 7, while on the heat-bonded scaffold cells grouped together to 
form a cell sheet and spaned the scaffold pores (Fig.4.10 c). Following 21 days 
culture, myoblasts on the needle-punched scaffold had grouped together and 
filled the pores (Fig. 4.10 b); and some sheets were observed to fill the pores (Fig. 
4.10 d).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.4.10. Representative SEM micrographs of (a, b) needle-punched and (c, d) heat-
bonded scaffolds after 7 (a, c) and 21 (b, d) days culture. Scale bar is 100 μm and 
200 μm, where noted. 
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4.2.2.4 Myogenic differentiation 
 
To investigate the myogenic differentiation of the C2C12 myoblasts into myotubes 
on the heat-bonded and needle-punched scaffold types, cells were cultured for 21 
days and immuno-stained for MHC (green) and nuclei (blue).  Fluorescent 
micrographs (Fig. 4.11 a, b) showed that the myotubes aligned along scaffold fibres, 
for both scaffold types, and the density of myotubes on the heat-bonded scaffold 
was higher than that on the needle-punched one. Myotube number, fusion index, 
and maturation index of multi-nucleated myotubes were calculated from the 
immuno-fluorescent images and showed in Fig. 4.11 c. The total number of 
myotubes formed on the heat-bondedscaffolds (20±7.2) was significantly (p<0.05) 
higher than needle-punched scaffolds (8±2.7). The fusion index of the myotubes 
on the heat-bonded (29.8±11.2%) and needle-punched scaffolds (21.6±5.1%) were 
found to be non-significantly different. However, the maturation index of the 
myotubes on the heat-bonded scaffold was significantly (p<0.05) higher than 
those on the needle-punched scaffold, at 37.2±4.1% and 21.2±8.4%, respectively. 
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Fig. 4.11 Immunofluorescent micrographs of myotubes on needle-punched (a)  
and heat-bonded scaffolds (b) after 21 days culture with anti-MHC (green) and 
nuclei (blue) stained. Graph showing myotube number, fusion and maturation 
index of myotubes on scaffold types (c). Results expressed as mean ± SD, n=5 
scaffold per scaffold type. Error bars are standard deviation. Significantly different 
results expressed as *p<0.05. Scale bar is 50μm. 
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4.3 Discussion 
In this study, a three-dimensional fibrous polypropylene scaffolds has been 
fabricated using a heat-bonding/particulate leaching method, which was 
previously used by our group [188]. The main difference between this work and 
the previous study is that a novel porogen for the fabrication of melt-bonded  fibre 
scaffolds is identified. Three different fibre/porogen ratios were chosen to control 
pore size and porosity in the scaffolds.  
For tissue engineering scaffolds, the pores in scaffolds should large enough for 
cells attachment, proliferation and differentiation. The fibrous scaffolds with pore 
size ranging from 11 μm to 177 μm are suitable for most mature cell types (except 
osteoblasts and osteocytes) [36].  Additionally, the inter-bonded pores in these 
fabricated fibrous scaffolds greatly improve cell-cell contacts and nutrient 
exchange.  
Different ratios of fibre/porogen led to different mass/volumes, which resulted in 
different porosities and pore sizes, with the highest ratio of fibre (PP-10) giving rise 
to highest mass per volume and the smallest pore size and porosity. This led to this 
scaffold having lowest extensibility and the highest strength and stiffness. The PP-
30 scaffold, with the lowest ratio of fibre and mass per volume led to a lower 
strength and stiffness and higher extensibility. These differences in heat-bonded 
scaffold mechanical properties were due to differences in the fibre mass; scaffolds 
with more fibres led to more bonding points, which resulted in the scaffold being 
stronger and stiffer, and the less extensible.  
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PP-20 heat-bonded scaffold had the highest number of C2C12 myoblasts on day 3 
and day 7 of culture. This may be because of the intermediate pore size and 
mass/volume providing big enough pores for myoblasts to penetrate into the 
scaffold and span the pores, with sufficient fibres for cell attachment. Considering 
these results, the PP-20 scaffold was used to compare heat-bonded scaffold 
suitability to culture myoblasts, measuring myoblast viability, growth and 
differentiation, with those of needle-punched PP scaffold. 
Fibre orientation in the scaffold was dictated mainly by the fibre length and 
fabrication method. Short fibre length and easy blending during the fabrication 
process induced the isotropic structure of heat-bonded scaffolds. Whilst the long 
fibres and parallel carding resulted in the fibres of the needle-punched scaffold 
predominantly oriented in the machine direction, with partial re-orientation into 
the through direction as a result of needle penetration. These differences in fibre 
orientation and fibre bonding, impacted on the mechanical properties of the two 
scaffold types; the heat-bonded scaffold was stiffer (higher Young’s modulus) than 
the needle-punched scaffold due to enhanced fibre bonding, with similar break 
stress in both directions. Although the anisotropic structure of needle-punched 
scaffolds is similar to the skeletal muscle structure, the fibre orientation provides 
less cues for guiding cell behaviour compared with nano-fibrous scaffolds due to 
the large surface of micro-fibres. The cells attached and spread on micro-fibres as 
if they were cultured on a flat surface. It is difficult for them to follow the fibre 
orientation in the needle-punched scaffolds. 
62 
 
Chapter 4 
 
Studies have found the morphology of myoblasts, fusing cells and myotubes is 
different between two-dimensional (2D) and three-dimensional (3D) culture 
systems [6, 7]. The increased filopodia led to greater cell-cell interactions and 
enhanced multi-nucleated myotube formation[6]. Other factors that influence 
myoblast differentiation in vitro include substrate topography [189] and surface 
chemistry [190], and mechanical [8] and electrical stimulation of myoblasts [191]  
The large pore size of the heat-bonded scaffold (around 46% pores larger than 150 
μm) did not negatively affect the cell proliferation. The cell numbers on the heat-
bonded scaffold were higher than needle-punched scaffold during culture. The 
two scaffold types had the same level of hydrophilicity, which would have affected 
the ability of the scaffold to adsorb protein from surrounding media; affecting the 
capacity for cell attachment. Therefore it may be suggested that the more large 
pores (around 46% pores larger than 150 μm) of the heat-bonded scaffold 
compared with the needle-punched scaffold (about 12% of pores in excess of 150 
μm) permitted easier nutrient diffusion into the scaffold interior to support cells 
growth inside the scaffold. Interestingly, these larger pores did not hinder cell 
spanning between adjacent fibres, with enhanced pore infiltration observed 
throughout the culture period on the heat-bonded scaffold.  
 
The use of three dimensional tissue engineering scaffolds provides a platform to 
study cell behaviour and skeletal muscle tissue regeneration in a physiologically 
relevant 3D environment. Similarly, two-dimensional scaffolds are also used to 
investigate cell growth, differentiation, and cell-cell interactions, however many 
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studies have found cell morphology, migration, and other cell behaviours to differ 
from those in a 3D scaffold environment [192, 193].  Scaffold stiffness has also 
been shown to influence cell behaviour, specifically myoblast morphology, 
differentiation, and organisation [8, 194, 195]. Studies found increased myoblast 
spreading and elongation on scaffolds of higher  stiffness (8 kPa Young’s modulus) 
after only 4h culture, compared with scaffolds of low stiffness (1 KPa Young’s 
modulus) [194], with rigid scaffolds (200-280 kPa) leading to increased myotube 
number and myotubes more mature (more than 6 nuclei) compared to less rigid 
scaffolds (4-60 kPa) [8].  Ren et al.  found that stiff films (Young’s modulus >320 
kPa) enhanced C2C12 myoblast adhesion, proliferation and differentiation, 
compared to soft films (Young’s modulus İ162 kPa) [196]. Our fabricated 
scaffolds were of high stiffness, with a Young’s modulus of 200 kPa and 2900 kPa 
for the needle-punched and heat-bonded scaffolds, respectively. The high stiffness 
of the heat-bonded scaffold showed enhanced differentiation compared with the 
needle-punched scaffolds. 
We believe that our heat-bonding/particulate leaching method offers the 
potential to fabricate three-dimensional fibrous scaffolds, with controllable pore 
size for a range of tissue engineering applications, including muscle tissue. This 
fabrication method has the advantage of controllable pore size in a fibrous system 
that a number of other 3D fibrous scaffold fabrication methods do not offer. 
Additionally, the use of thermoplastic fibres permits the substitution and blending 
of different fibre types, such as those of lower stiffness, to alter scaffold stiffness, 
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whilst enabling the fabrication of a three-dimensional scaffold, of controllable 
pore size. 
 
4.4 Conclusion 
In this chapter, three-dimensional fibrous scaffolds with three different pore sizes 
were prepared.  The heat-bonded PP-20 scaffold was compared with a needle-
punched nonwoven scaffold. These two types of scaffolds had similar dimensions, 
but different architectural and mechanical properties.  The heat-bonded scaffold 
showed higher stiffness, proliferation and enhanced differentiation of mouse 
C2C12 myoblasts. Our results indicate that heat-bonded scaffolds can potentially 
be used as a 3D scaffold for muscle tissue engineering. 
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Chapter 5 Design, fabrication and evaluation of 
a perfusion bioreactor 
 
A bioreactor was designed and built to dynamically culture cells on the heat-
bonded 3D scaffolds, using the perfusion method. This bioreactor was also 
designed to expose the scaffolds to an electrical field, for electrical stimulation of 
the cells on the scaffold during culture. At the time of this research, a perfusion 
bioreactor that dynamically cultures cells, whilst simulateaneously supplying an 
even electrical field, was not available. To assess the efficiency of the 
manufactured bioreactor, against standard static culture methods, mouse C2C12 
myoblast cell viability tests were conducted on polypyrrole coated scaffolds (PPy-
10, PPy-20, PPy-30). The polypyrrole coating was used to increase the electrical 
conductivity of the scaffolds and aid electrical stimulation of the cells during 
culture.  
5.1 Experiment procedure 
1. A perfusion bioreactor was designed and built according to the experimental 
design and scaffold dimensions.  
2. Heat-bonded scaffolds (PP-10, PP-20, PP-30) were surface modified with the 
conducting polymer, polypyrrole (PPy). Scaffold physical and chemical properties 
were characterized.  
3. Myoblasts were seeded on PPy coated scaffolds and cultured in both tissue 
culture plate (static culture) and the perfusion bioreactor (dynamic culture). 
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Myoblast viability, proliferation and morphology were compared between the 
two systems. 
This experimental work was conducted using the experimental methodology 
described in Chapter 3. 
5.2 Results  
5.2.1 Perfusion bioreactor design 
An easily assembled and high-throughput bioreactor (accommodating up to 37 
scaffolds), with integrated uniform electric field was designed and built. The design 
of the perfusion bioreactor was based on the number of scaffolds per 
experimental set-up and the dimensions of the fibrous scaffolds. The bioreactor 
consisted of three main parts: bioreactor chamber, medium reservoir, and 
peristaltic pump, as discussed below. 
 
5.2.1.1 Bioreactor chamber 
The bioreactor chamber was made of autoclavable polypropylene, which is easy 
to autoclave sterilise. The bioreactor chamber (Fig. 5.1 a) contained two linkable 
containers (Fig.5.1 c and e). Samples were fixed in the sample holder (Fig. 5.1 d), 
to keep them in position during culture. This sample holder may be modified to 
accommodate scaffolds with other dimensions. A titanium (Ti) mesh (with pore 
size 178 μm) was placed in the recess of the bottom holder to support the sample 
holder (Fig. 5.1 d). On the top half of the bioreactor, a second Ti mesh was placed 
(Fig. 5.1 b). The porous titanium mesh created an even medium flow through the 
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scaffolds during cell culture and also immobilised the scaffolds during culture. 
Each scaffold holder could accommodate up to 37 scaffold discs of diameter 11 
mm and thickness 3 mm.  
 
 
 
 
 
 
 
 
Fig.5.1 Overview of the bioreactor chamber (a), top half of the bioreactor chamber 
with Ti mesh (b), top half of bioreactor chamber (c), bottom half of the bioreactor 
chamber with Ti mesh, sample holder and O-Ring (d), and bottom half of 
bioreactor chamber (e). 
 
The perfusion bioreactor could be modified to provide an electric field, for 
electrical stimulation of the myoblasts, which is detailed in Chapter 6. To do this 
the two Ti meshes were connected to a function generator (which supplied the 
electrical voltage at a specified pulse) using screws attached to the bioreactor 
chamber, as illustrated in Fig.5.2 b.  
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Fig 5.2 Overview of the electrical stimulation chamber (a); two halves of the 
chamber (b), modification by way of screws is highlighted (red square) on chamber 
for connecting Ti mesh to the function generator. 
 
5.2.1.2 Medium reservoir 
Fig.5.3 shows a photo of the medium reservoir, which comprises a 500 mL glass 
container with a stainless steel lid. Polypropylene inlet and outlet valves were 
attached to the lid connected to silicone tubes, for transfer of the culture medium 
between the reservior and the bioreactor. Two additional valves were attached to 
the lid, with filters attached to silicone tubes, for gas exchange.  To ensure 
sufficient nutrient supply, the medium was replaced every 3 days in the medium 
reservoir during cell culture. The level of dissolved oxygen in the medium was 
monitored by WP-82Y Dissolved Oxygen-Temperature instrument (TPS Pty Ltd, 
Australia) in the static culture plates and the dynamic perfusion bioreactor, Table 
5.1. The dissolved oxygen concentration in perfusion bioreactor after 3 days 
culture was 9.2±0.8%, which was similar to the freshly made medium 10±1.1%. 
However, the concentration dropped to 3.5±0.9% after 2 days culture in 24 well 
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plate. These result indicated there was good oxygen exchange in the medium 
reservoir.  
 
 
 
 
 
 
 
Fig.5.3 Overview of medium reservoir
 
Table 5.1 Dissolved O2 concentration in cell culture medium in fresh medium, 
culture plate, and perfusion bioreactor. Results expressed as mean ± SD, n=3. 
  
Fresh 
medium 
Medium in 24 well 
plate after 2 days 
cell culture 
Medium in perfusion 
bioreactor after 3 days 
cell culture
Dissolved O2 
concentration 
(%) 
 
10±1.1 
 
3.5±0.9 9.2±0.8 
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5.2.1.3 Peristaltic pump and silicone tube  
A peristaltic pump was used to circulate the culture medium between the medium 
reservoir and the bioreactor. Silicone tubes with a low-protein binding coating 
were used to avoid proteins being depleted from the medium during use.  The 
flow rate of the culture medium in the silicone tubes was set at 2 mL/min to 
maintain a low shear stress on the cells. 
 
5.2.2 Polypyyrole surface modification 
To produce electrically conductive 3D fibrous scaffolds, a polypyyrole (PPy) was 
applied onto the heat-bonded PP scaffold surface using a vapour-phase 
polymerisation method. Different polymerisation parameters (such as FeCl3 
immersion time, drying time, polymerisation time) were investigated, and uniform 
conductive PPy coating was finally produced on the fibre surface of the fibrous 
scaffolds. As shown in Fig. 5.4, the scaffold turned from white to black after the 
PPy treatment. 
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Fig.5.4. Photograph of PP scaffolds, uncoated (white, left) and polypyrrole-coated 
(black, right). 
 
To verify the presence of the PPy on the scaffold surface, SEM and fourier 
transform infrared spectroscopy (FTIR) analyses were conducted on the coated 
and uncoated scaffolds. Fig. 5.5 shows the SEM images of the uncoated and the 
PPy coated scaffolds. Scaffolds were found to maintain their porous structure after 
PPy deposition, and no pore was found to be blocked in the structure. However, 
the PPy coated surface became rougher (Fig. 5.5 e, f).  
 
 
 
 
 
 
 
 
 
Fig.5.5. SEM images of uncoated scaffolds (a, b, c) and coated scaffolds (d, e, f); 
scaffolds (a, d), fibre in the scaffolds (b, e), high magnification of fibres (c, f).  
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5.2.2.1 FTIR spectra  
Fig. 5.6 shows the FTIR spectra of PP scaffold surface before and after PPy coating. 
The peaks ĂƚϭϰϲϬĐŵоϭ, ϭϯϳϴĐŵоϭ, 1167 cmѸ1 were attributed to the regularity 
bands of the PP [7]. After PPy deposition, a new peak at 1549 cm-1 appeared. This 
was assigned to the C=C stretching deformation of quinoid and benzenoid rings of 
the PPy, indicating the presence of PPy [138]. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.5.6. FTIR spectra of PP scaffold, and PPy coated scaffold. 
 
5.2.2.2 Bulk density for coated and uncoated scaffolds
As shown in Table 5.2, the bulk density (mass per unit volume) of all the PPy coated 
scaffolds was similar to the uncoated scaffolds.  
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Table 5.2 Bulk density of PPy coated scaffolds and uncoated scaffolds. Results 
expressed as mean ± SD, n=5. 
 PP-10 PPy-10 PP-20 PPy-20 PP-30 PPy-30 
Mass/volume 
(g/cm3) 
0.11 
±0.01 
0.12 
±0.01 
0.08 
±0.01 
0.08 
±0.01 
0.06 
±0.00 
0.06 
±0.00 
 
5.2.2.3 Bulk resistance 
To determine the conductivity of the PPy coated scaffolds, the bulk resistance was 
calculated by multiplying the resistance per square on the scaffold surface by the 
scaffold thickness. The uncoated scaffolds were found to be non-conducting, with 
the resistance too large to measure. While for the coated scaffolds, bulk resistance 
varied with the fibre to porogen ratio used during preparation of the PP scaffolds 
(Table 5.3). Scaffolds containing the highest amount of fibre (PPy-10), resulted in 
the lowest bulk resistance and were therefore the most conductive. This may be 
explained by the higher fibre content (as indicated by a high bulk density) led to 
increased surface area for PPy deposition, compared to the scaffold with lower 
fibre content. 
 
Table 5.3 Bulk resistance of the PPy-coated heat-bonded scaffolds. Results 
expressed as mean ± SD, n=3 scaffolds per scaffold type.  
 
Samples  PPy-10 PPy-20 PPy-30 
Electric resistance 
(kɏ·m) 
0.041±0.005 0.063±0.006 0.3912±0.009 
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5.2.3 Cell culture 
To assess the efficiency of the perfusion bioreactor, myoblasts were seeded on 
the top surface of the PPy coated scaffolds and cultured for 14 days without 
electrical stimulation, using both static and dynamic culture methods. Cell seeded 
scaffolds were statically cultured for 2 days to permit the cells to fully attached on 
the scaffolds before being transferred to the bioreactor (for dynamic culture) or a 
new culture plate (for static culture). Scaffolds that were assessed were PPy-10, 
PPy-20, PPy-30, which were chosen based on the low, medium and high 
mass/volume.  In the next three sections, cell behaviour under dynamic and static 
culture are compared. 
 
5.2.3.1 Cell number  
An MTS assay was conducted on days 4, 8, and 14 of culture to quantitatively 
assess cell number. (Fig. 5.7). There were found to be a greater number of 
myoblasts on the scaffolds when cultured dynamically, compared to statically at 
every timepoint (Fig. 5.7). However, significant difference was only found on the 
scaffold samples PPy-10 on day 4 and day 14, and PPy-30 on day 14. Whilst cell 
numbers continued to increase until day 14, peaking at day 14 in static model.   
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Fig.5.7 MTS assay result of myoblast number on PPy coated scaffolds under static 
and dynamic culture. Results expressed as mean ± SD, n=4 scaffolds per scaffold 
type. Significant differences noted at the level of p< 0.05 (*). 
 
5.2.3.2 Cell viability  
A live-dead viability assay was used to assess myoblast viability and distribution 
on the surface of scaffold types, when cultured statically and dynamically for up 
to 14 days. After 4 days static culture (Fig.5.8 a-f) myoblasts grew in similar 
numbers on the top (cell seeded surface) and bottom surfaces of the PPy-10 
(Fig.5.8 a and d) and PPy-30 (Fig.5.8 c and f) scaffolds, whilst more cells were 
present on the  bottom scaffold surface of the PPy-20 scaffold (Fig.5.8 b and e). 
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Cells attached to the scaffold fibres, with some pore infiltration, with a large 
number of live (green) cells and a few dead (red) cells. On day 4 of dynamic culture 
(Fig. 5.8 g-l) similar numbers of myoblasts were observed on top and bottom 
surfaces for all scaffold types. Cells attached to the scaffold fibres, with some pore 
infiltration, with a large number of live cells and a few dead cells. Comparing static 
and dynamic culture, similar cell numbers were observed, but with less dead cells 
observed with dynamic culture, compared to static culture. 
 On day 8 with static culture (Fig.5.9 a-f), there appeared to be a larger number of 
cells on the top surface of all scaffold types, with a greater amount of dead cells 
on the bottom surface. Generally, cells appeared singular, with some clustering 
and minimal pore infiltration. For the dynamic culture (Fig. 5.9 g-l), for the PPy-10 
(Fig.5.9 g, j) and PPy-20 (Fig.5.9 h, k) scaffolds, there were less cells on the bottom 
surface of scaffolds, compared with the top surface. These cells appeared 
elongated and oriented with the fibre direction (Fig.5.9 g, h). A greater number of 
dead cells appeared on the bottom surface of all scaffold types, compared to the 
bottom surface. More cells were present on both scaffold surfaces with dynamic 
culture, compared to static culture.  
After 14 days static culture, there were less cells on the bottom surface of all 
scaffold types (Fig.5.10 d-f). A large number of live cells grew on the top surface 
of all three scaffold types (Fig.5.10 a-c), with a few dead cells. Some live cells were 
round and floated on PPy-10 (Fig.5.10 a) and PPy-30 (Fig.5.10 c) top scaffold 
surfaces. For the dynamic culture on day 14 (Fig5.10 g-l), similar cell numbers were 
present on both scaffold sides, for all scaffold types. Cells appeared clustered, 
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oriented and to partially infiltrate scaffold pores. Most of the cells were viable, 
with some dead cell clusters on all scaffold types (Fig.5.10 j and k). 
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Fig.5.8 Representative fluorescent micrographs of C2C12 myoblasts on PPy 
scaffolds on day 4 of culture, showing live (green) and dead (red) cells. Static 
culture (a-f) and dynamic culture (g-l) of PPy-10 (a, d, g, j), PPy-20 (b, e, h, k), PPy-
30 (c, f, i, l) scaffolds on top (a-c and g-i) and bottom (d-f and j-l) surfaces of 
scaffold types. Scale bar is 150 μm. 
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Fig.5.9 Representative fluorescent micrographs of C2C12 myoblasts on PPy 
scaffolds on day 8 of culture,showing live (green) and dead (red) cells. Static 
culture (a-f) and dynamic culture (g-l) of PPy-10 (a, d, g, j), PPy-20 (b, e, h, k), PPy-
30 (c, f, i, l) scaffolds on top (a-c and g-i) and bottom (d-f and j-l) surfaces of 
scaffold types. Scale bar is 150 μm. 
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Fig.5.10 Representative fluorescent micrographs of C2C12 myoblasts on PPy 
scaffolds on day 14 of culture, showing live (green) and dead (red) cells. Static 
culture (a-f) and dynamic culture (g-l) of PPy-10 (a, d, g, j), PPy-20 (b, e, h, k), PPy-
30 (c, f, i, l) scaffolds on top (a-c and g-i) and bottom (d-f and j-l) surfaces of 
scaffold types. Scale bar is 150 μm. 
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5.2.3.3 Cell distribution and arrangement 
SEM analysis was conducted on the top and bottom sides of the scaffolds, when 
cultured dynamically and statically, after 14 days, to assess cell distribution on the 
scaffold types. Fig.5.11 shows myoblast distribution and arrangement on all 
scaffold types on top (Fig.5.11 a-c) and bottom (Fig.5.11 d-f) sides, with dynamic 
culture. There was a greater amount of cells on the PPy-10 scaffold, with cell 
sheets completely filling scaffold pores on both sides (Fig.5.11 a,d). There was a 
similar arrangement of cells on the PPy-20 and PPy-30 scaffolds (Fig.5.11 b-f), with 
cells forming sheets, spanning pores.  
 
Fig.5.12 shows the cell distribution and arrangement on scaffolds after 14 days 
culture, with static culture. Small cell sheets were present on the top surface of all 
scaffold types, with some pore spanning (Fig.5.12 a-c). Cells generally remained 
singular on the bottom surface of the scaffolds with static culture (Fig.5.12 d-f). 
Comparing different scaffold types, the cell distribution and arrangements on 
both top and bottom sides were similar.  
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Fig.5.11 SEM images of C2C12 myoblasts cultured on top (a-c) and bottom (d-f) 
sides of PPy-10 (a,d), PPy-20 (b,e), and PPy-30 (c,f) scaffolds  for 14 days with 
dynamic culture.  Scale bar is 200 μm. 
 
 
 
 
 
 
 
 
 
 
Fig.5.12 SEM images of C2C12 myoblasts cultured on top (a-c) and bottom (d-f) 
sides of PPy-10 (a,d), PPy-20 (b,e), and PPy-30 (c,f) scaffolds  for 14 days with 
dynamic culture.  Scale bar is 200 μm. 
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5.3 Discussion 
In this chapter, high-throughput perfusion bioreactors were designed, built and 
assessed, and conducting polymer PPy was successfully deposited on the heat-
bonded scaffolds by chemical vapour deposition, without blocking the scaffold 
pores. Cell proliferation, viability and distribution on the scaffold structure were 
assessed, comparing between static culture (culture plate) and dynamic culture 
(perfusion bioreactor). 
Different kinds of perfusion bioreactors have been designed to improve nutrient 
and waste exchanges. However, there are still some problems that need to be 
solved, such as the time spent on assembling the bioreactor [13], low through-put 
(low number of scaffolds per bioreactor chamber) [182], and uneven electrical 
field (electric field was uniform only between the carbon electrodes, and the 
scaffolds outside of the electrodes get no electric field) [183]. Although Dahlin et 
al [183] reported a high-throughout (which can accommodate twenty 2 mm 
scaffolds, ten 3 mm scaffolds, ten 5 mm scaffolds, and four 8 mm scaffolds) 
perfusion bioreactor, the medium exchange was still poor. Our design is easy to 
assemble and has high-throughput. It could accommodate up to 37 scaffolds (with 
diameter of 11 mm) in one culture. Our results showed higher dissolved oxygen 
level in the bioreactor (table 5.1) compared with that in static culture, suggesting 
that the perfusion bioreactor system offers better environment for cell growth. 
The MTS assay results of this study found that generally myoblasts cultured in the 
perfusion bioreactor led to higher cell number, with significantly (p<0.05) higher 
cell numbers on the PPy-10 scaffold on day 4 and day 14, and on the PPy-30 
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scaffold on day 4, compared with those cultured statically (Fig.5.8). This can be 
attributed to the advantage of dynamic culture and the perfusion bioreactor. For 
static cell culture, cells are cultured in culture flasks. Nutrient supply and waste 
removal are accomplished by diffusion only, and gas exchange is mainly attained 
by surface aeration [197]. Due to the high metabolic demand of muscle cells, low 
mass transfer often results in necrotic core of engineered skeletal muscle tissues 
[198].   
It has been reported that perfusion of medium through a scaffold enhances 
nutrient exchange [177, 178], and cell metabolite waste can be removed from the 
interior of the scaffold during medium exchange [179-181]. The perfusion 
bioreactor mimics the physiological delivery nutrients in blood flow to provide a 
much higher mass transfer rate than static culture. The higher dissolved oxygen 
level in the bioreactor (table 5.1) and frequent exchange of the nutrient and waste 
through the entire scaffolds play key roles in enhancing cell proliferation.  
For the cell viability results on day 4, it seems that there were similar cell numbers 
between the two culture methods, whilst there was a difference in cell number 
from the MTS results. This is because cells penetrated and proliferated through 
the whole scaffold during dynamic culture, while the live-dead assay images only 
identified cells on the top and bottom surfaces of the scaffolds; however the MTS 
reagent reacted with all cells throughout the scaffolds by the use of a shaker 
during the MTS assay.  
From day 8 of culture onwards, a greater number of cells were observed on the 
dynamically cultured scaffolds, with the cells aligned which promote myoblast 
85 
 
Chapter 5 
 
differentiation. This is because the medium flow through the scaffolds can provide 
nutrient and waste exchange, and also aid cell distribution. While for the static 
culture, more dead cells were found on the bottom surface compared with the 
top surface. During static culture, the nutrient supply and waste removal are 
transferred by diffusion only, and gas exchange is mainly attained by surface 
aeration [12]. Therefore, most of the nutrient and oxygen was consumed by cells 
on the top surface, with few nutrient and oxygen left for the cells on the bottom 
surface.  
After 14 days culture, there was a significant difference in cell distribution and 
arrangement between static culture and dynamic culture systems. There were 
large cell sheets formed with dynamic culture, with the competition among cells 
for nutrients and gas. Therefore, there were a few dead cell clusters in the live-
dead results. Live cells and small cell sheets on the bottom surface of scaffolds 
with static culture suggests the large pores of the scaffolds still permitted nutrient 
and gas supply to the cells on the bottom surface.  
 
5.4 Conclusion 
Heat-bonded PP scaffolds were coated with polypyrrole through a chemical 
vapour deposition method. The coated scaffolds showed a similar porous 
structure to the uncoated control, and a thin layer of PPy on fibre surface 
improving the electrical conductivity of the scaffolds. A perfusion bioreactor was 
developed and used for culturing myoblasts in a dynamic manner. Myoblasts 
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showed enhanced viability, proliferation and distribution under dynamic culture 
on all PPy coated fibrous scaffold types, especially on PPy-10 scaffold. This 
indicates that the perfusion bioreactor is suitable for culturing myoblasts in vitro.  
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Chapter 6 Influence of electrical stimulation 
and polypyrrole coating on C2C12 myoblasts 
behaviour within fibrous scaffolds 
In this chapter, C2C12 mouse myoblasts were statically seeded onto electrically 
conductive PPy-10, PPy-20, and PPy-30 scaffolds and dynamically cultured in a 
custom made bioreactor. Cells were electrically stimulated for two days, at 
different electric field strengths (4 mV/mm and 600 mV/mm), to determine the 
best electric field strength for cell activity. Cell viability, proliferation and 
differentiation of the myoblasts without electrical stimulation, were also 
determined. To assess the influence of the PPy coating on cell activity, PPy-10 (PPy 
coated) and PP-10 (uncoated) scaffolds were dynamically cultured in the 
bioreactor at the chosen electric field strength and compared for cell activity. 
6.1 Experimental work 
1. Myoblasts were statically seeded on PPy-10, PPy-20 and PPy-30 scaffold types 
with 2 days static culture, to allow cells fully attach on the scaffolds, and 
transferred into the bioreactor for another 7 days dynamic culture. Following this, 
cells were electrically stimulated for 2 days in the bioreactor, at 4 mV/mm and 600 
mV/mm, with 3 ms pulses at a frequency of 2 Hz. As a control, cells were cultured 
under the same conditions without electrical stimulation.  Myoblast viability, 
proliferation and differentiation were assessed. 
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2. C2C12 myoblast viability, proliferation and differentiation on PPy coated (PPy-
10) and uncoated (PP-10) scaffolds with 2 days electrical stimulation at 600 
mV/mm, following 7 days dynamic culture and then 2 days static culture were 
conducted and compared. 
This experimental work was conducted using the experimental methodology 
described in Chapter 3. 
 
6.2 Results  
6.2.1 Biological response of C2C12 myoblasts on polypyrrole coated 
scaffolds with and without electrical stimulation  
6.2.1.1 Cell number  
An MTS assay was used to assess differences in cell number on the PPy-10, PPy-
20, and PPy-30 scaffolds, with and without electrical stimulation. As shown in 
Fig.6.1, cell numbers were similar between those with low levels of electric field 
strength (4 mV/mm) and without electrical stimulation, with only a significant (p 
< 0.05) difference on PPy-30 scaffold between 0 mV/mm and 4 mV/mm. There 
were a significantly (p < 0.05) higher number of myoblasts on all scaffold types 
when exposed to electric field strength of 600 mV/mm, compared to 0 mV/mm. 
Cell numbers on the PPy-10 and PPy-30 scaffolds were significantly (p < 0.05) 
higher at 600 mV/mm compared to 4 mV/mm. Comparing scaffold types at each 
field strength, cell numbers on the PPy-20 scaffold were significantly (p < 0.05) 
higher than on the PPy-30 scaffold at 0 mV/mm and on the PPy-10 scaffold at 4 
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mV/mm. At 600 mV/mm, the PPy-10 scaffold had higher a cell number than the 
PPy-20 and PPy-30 scaffolds, but was not significantly different. These results 
indicate the 600 mV/mm voltage level to have the most positive impact on the cell 
number and proliferation.   
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.1 MTS assay for cell number on PPy coated scaffolds (PPy-10, PPy-20 and 
PPy-30) on day 11 of culture, including 2 days electric stimulation at 0 mV/mm, 4 
mV/mm, and 600 mV/mm. *p < 0.05; data is presented as mean ± SD, n = 4. 
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6.2.1.2 Cell viability 
A live/dead viability assay was conducted to analyse whether electrical 
stimulation (at 0 mV/mm, 4 mV/mm, and 600 mV/mm) influenced the cell viability. 
Fluorescent micrographs (Fig.6.2) determined a large majority of cells to be viable 
(green) without and with electrical stimulation. Comparing electric field strength, 
cells covered the surface of the scaffold fibres, with some dead (red) cells 
observed at 0 mV/mm (Fig. 6.2 a-c). While with increasing voltage to 4 mV/mm, 
cells started to span the pores, with a few dead cells on the scaffolds (Fig.6.2 d-f). 
The scaffold pores were almost filled with cells, with only few dead cells, when 
the voltage was increased to 600 mV/mm (Fig.6.2 g-i).  
 
Comparing scaffold types, there were more dead cells on the PPy-30 scaffold (Fig. 
6.2 c), compared to the PPy-10 (Fig. 6.2 a) and PPy-20 (Fig. 6.2 b) scaffold at 0 
mV/mm. With a voltage increase to 4 mV/mm (Fig. 6.2 d-f), only a few dead cells 
were found. Cells began to fill the pores on PPy-10 (Fig.6.2 d) and PPy-20 (Fig.6.2 
e) scaffolds, whilst on PPy-30 scaffold (Fig.6.2 f) cells filled some of the scaffold 
pores. At 600 mV/mm, cells were found to span the fibres of the scaffold, 
infiltrating most of the scaffold pores, on all scaffold types (Fig.6.2 g-i). 
Furthermore, at this voltage, few dead cells were observed on the scaffolds, even 
though the scaffold pores were completely filled with myoblasts. The cell viability 
assay reflected the MTS results, with a larger number of cells on all scaffold types 
at 600 mV/mm, compared to 0 mV/mm.  
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Fig. 6.2 Representative fluorescent micrographs showing live (green) and dead 
(red) cells on PPy-10 (a, d, g), PPy-20 (b, e, h), and PPy-30 (c, f, i) scaffolds on day 
11 of culture, including 2 days electric stimulation at 0 mV/mm (a, b, c), 4 mV/mm 
(d, e, f), and 600 mV/mm (g, h, i).  Scale bar is 150 μm. 
 
6.2.1.3 Cell differentiation 
Myogenic differentiation, with and without electrical stimulation, was 
investigated on all scaffold types following electrical stimulation, at 0 mV/mm, 4 
mV/mm and 600 mV/mm. Myotubes (MHC) were immuno-stained with MF20 
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(green) and nuclei were stained with DAPI (blue), and the immunofluorescence 
images were analysed by ImageJ software to calculate myotube number, fusion 
index and the maturation index.  
Representative immunofluorescent images (Fig.6.3 a-c) show myoblast 
differentiation on the PPy-10 scaffold, at 0 mV/mm, 4 mV/mm, and 600 mV/mm. 
Without electrical stimulation, myotubes aligned along the fibre longitudinal axis, 
with some short myotubes formed (Fig.6.3 a). With increasing electric field 
strength (4 mV/mm) longer myotubes formed (Fig.6.3 b), and at the highest 
electric field strength (600 mV/mm), myotubes reached their maximum length 
(Fig.6.3 c). To quantify myoblast differentiation, myotube number, fusion index 
and maturation index were calculated (Fig.6.3 d). There were generally increases 
in the myotube number, fusion index, and maturation index with increasing 
voltage, with all being significant (p < 0.05) between 0 mV/mm and 600 mV/mm. 
However, at 4 mV/mm, only fusion index and maturation index were significantly 
(p < 0.05) higher than 0 mV/mm.  Myotube number, fusion index, and maturation 
index were significantly (p < 0.05) higher at 600 mV/mm compared to 4mV/mm.    
 
 
 
 
 
 
93 
 
Chapter 7 
 
 
 
 
 
 
 
 
 
 
Fig. 6.3 Representative fluorescent micrographs showing myotubes on PPy-10 
scaffold on day 11 of culture, including 2 days electrical stimulation at 0 mV/mm 
(a), 4 mV/mm (b) and 600 mV/mm (c). Myotubes were stained green and nuclei 
were stained blue. Myotube number, fusion and maturation index of myotubes 
(d) formed under three different electric field strengths. *p < 0.05; data is 
presented as mean ± SD, n = 5. Scale bar is 50 μm. 
 
Representative immunofluorescent images (Fig.6.4 a-c) showed myoblast 
differentiation on the PPy-20 scaffold, at 0 mV/mm, 4 mV/mm, and 600 mV/mm. 
Myotubes aligned along the fibre longitudinal axis, with some short myotubes 
formed on scaffolds without electrical stimulation (Fig.6.4 a). However, with 
increasing of electric field, longer and thicker myotubes formed (Fig.6.4 b), with 
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the myotubes reaching maximum length at 600 mV/mm (Fig.6.4 c). Myotube 
number, fusion index and maturation index are shown in Fig.6.4 d. Although the 
myotube number at 4 mV/mm was significantly (p < 0.05) lower than at 0 mV/mm, 
the fusion index and maturation index were significantly (p < 0.05) higher. At 600 
mV/mm, the fusion index and maturation index were significantly (p < 0.05) higher 
than those at 0 mV/mm, but the myotube number was similar. The myogenic 
differentiation indices at 600 mV/mm were all significantly (p < 0.05) higher than 
that at 4 mV/mm. 
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Fig. 6.4 Representative fluorescent micrographs showing myotubes on PPy-20 
scaffold on day 11 of culture, including 2 days electrical stimulation at 0 mV/mm 
(a), 4 mV/mm (b) and 600 mV/mm (c). Myotubes were stained green and nuclei 
were stained blue. Myotube number, fusion and maturation index of myotubes 
(d) formed under three different electric field strengths. *p < 0.05; data is 
presented as mean ± SD, n = 5. Scale bar is 50 μm.  
 
Myoblast differentiation on the PPy-30 scaffold with and without electrical 
stimulation is shown in Fig.6.5 a-c (representative immunofluorescent images). 
Myotubes were aligned along the fibres long axis. Few short myotubes formed on 
PPy-10 without electrical stimulation (Fig.6.5 a). However, with increasing of 
electric field to 4 mV/mm, longer myotubes formed (Fig.6.5 b); and the myotubes 
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reached to the maximum length with 600 mV/mm (Fig.6.5 c). To quantify for 
myoblast differentiation, myotube number, fusion index and maturation index 
were calculated in Fig.6.5 d. The differentiation indices at 600 mV/mm were 
significantly (p < 0.05) higher than those on 4 mV/mm and 0 mV/mm. Fusion index 
and maturation index were significantly higher under 4 mV/mm compared with 0 
mV/mm, but the myotube number was higher without significant difference. 
 
 
 
 
 
 
 
 
 
Fig. 6.5 Representative fluorescent micrographs showing myotubes on PPy-30 
scaffold on day 11 of culture, including 2 days electrical stimulation at 0 mV/mm 
(a), 4 mV/mm (b) and 600 mV/mm (c). Myotubes were stained green and nuclei 
were stained blue. Myotube number, fusion and maturation index of myotubes 
(d) formed under three different electric field strengths. *p < 0.05; data is 
presented as mean ± SD, n = 5. Scale bar is 50 μm. 
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6.2.1.4 Durability of PPy coating after electrical stimulation 
PPy coating is still deposited on the scaffold even after cell culture and electrical 
stimulation, which is illustrated in Fig.6.6. Cell sheets fully covered the scaffolds 
(Fig.6.6c), and a white layer can be found after cell dehydration in Fig.6.6b. PPy 
were still uniformly covered on the scaffold surface in Fig.6.6d. 
 
 
 
Fig. 6.6 Durability of PPy coating on scaffolds after cell culture and electrical 
stimulation: a, PPy coated scaffold; b, cell cultured PPy coated scaffold after 
electrical stimulation; c, SEM image of cell cultured PPy coated scaffold after 
electrical stimulation, and scale is 200μm; d, High magnification SEM image of cell 
cultured PPy coated scaffold after electrical stimulation, and scale bar is 200nm. 
 
6.2.1.5 Influence of scaffold type on cell differentiation 
Based on the myoblast proliferation, viability and differentiation results at 0 
mV/mm, 4 mV/mm, and 600 mV/mm, the voltage of 600 mV/mm resulted in the 
highest cell number and best differentiation results. This voltage was chosen for 
further experimental work, comparing cell activity on the different scaffold types; 
myotube number, fusion index and maturation index on the PPy-10, PPy-20, and 
PPy-30 scaffold types were compared at 600 mV/mm (Fig. 6.7). The highest fusion 
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index and maturation index were found for the PPy-10 scaffold. PPy-10 had a 
significantly (p < 0.05) higher fusion index and maturation index than the PPy-20 
scaffold, and a significantly (p < 0.05) higher myotube number and maturation 
index than the PPy-30 scaffold. PPy-20 had a significantly (p < 0.05) higher 
myotube than PPy-30, while its fusion index was significantly (p < 0.05) lower than 
PPy-30.  Therefore, the PPy-10 scaffold led to myoblasts with the highest 
differentiation at 600 mV/mm electrical stimulation.  
 
 
 
 
 
 
 
 
 
Fig.6.7 Myotube number, fusion index and maturation index for myoblasts on the 
PPy-10, PPy-20, and PPy-30 scaffolds with electrical stimulation at 600 mV/mm. 
*p < 0.05; data is presented as mean ± SD, n = 5. 
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6.2.2 Influence of PPy coating on myoblasts behaviour with electrical 
stimulation 
6.2.2.1 Myoblast proliferation and viability with electrical stimulation 
Myoblast behaviour was assessed on the PP-10 scaffold type, both PPy coated and 
uncoated, under electrical stimulation at 600 mV/mm. This scaffold type was 
chosen as it resulted in the highest cell number (Fig.6.1) and differentiation 
(Fig.6.6) at 600 mV/mm. As previously, scaffolds were cell seeded for 2 days and 
then dynamically cultured for 7 days, with another 2 days electrical stimulation. 
After 2 days electrical stimulation, the uncoated PP-10 scaffold and the PPy coated 
PPy-10 scaffold possessed a majority of viable (green) cells, with few dead (red) 
cells (Fig.6.8 a,b). Myoblasts fully covered the scaffold fibres on PP-10 scaffold 
(Fig.6.8 a). Whilst on the PPy coated scaffold myoblasts both fully cover the 
scaffold fibres and spanned the pores of the scaffold. Few dead cells on both 
scaffold types indicated the PPy coating did not negatively influence the cell 
viability. The MTS assay (Fig.6.8 c) revealed that the cell number on the PPy coated 
scaffold was significantly (p < 0.05) higher than on the uncoated scaffold. 
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Fig.6.8 Cell viability and cell number on coated and uncoated scaffolds on day 11 
of culture, including 2 days electrical stimulation under 600 mV/mm. 
Representative fluorescent micrographs showing live (green) and dead (red) cells 
on PP-10 (a), PPy-10 (b) scaffolds. MTS assay for cell number on PP-10 and PPy-10 
scaffolds (c). *p < 0.05; data is presented as mean ± SD, n = 4. Scale bar is 150 μm. 
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6.2.2.3 Myoblast differentiation with electrical stimulation 
Myogenic differentiation was assessed on the coated (PPy-10) and uncoated (PP-
10) scaffolds following 2 days electrical stimulation. There were found to be fewer 
myotubes, which were generally shorter, on PP-10 scaffold, compared to the PPy-
10 scaffold (Fig. 6.9 a, b). Myotube number, fusion index and maturation index on 
the PPy-10 scaffold was significantly (p < 0.05) higher than on the PP-10 scaffold. 
The myotube number was 24.8±2.9 on PP-10 scaffold and 32.4±3.8 on the PPy-10 
scaffold. Fusion index and maturation index were 38.5%±1.5% and 41.0%±2.0%, 
and 51.1%±1.9% and 60.4%±1.4% on the PP-10 and PPy-10 scaffolds, respectively.  
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Fig. 6.9 Representative immunofluorescent images of C2C12 myoblasts on PP-10 
(a) and PPy-10 (b) scaffolds. Myotubes were stained green, and nuclei were 
stained blue. Myotube number, fusion and maturation on PP-10 and PPy-10 
scaffolds (c). *p < 0.05; data is presented as mean ± SD, n = 5. Scale bar is 50 μm. 
 
6.3 Discussion 
In this Chapter, myoblasts viability, proliferation and differentiation were 
investigated with and without electrical stimulation. C2C12 myoblasts were 
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cultured for 9 days, then for 2 days with electrical stimulation (at 0 mV/mm, 4 
mV/mm and 600 mV/mm, with 3 ms pulse, and a frequency of 2 Hz). There was a 
significantly (p < 0.05) higher number of cells on all scaffold types at 600 mV/mm 
compared with 0 mV/mm. While there was only a significant difference on PPy-30 
between 4 mV/mm and 0 mV/mm. These results indicate myoblasts proliferation 
was improved by electrical stimulation. It was reported that electrical stimulation 
can activate L-type calcium channel [199, 200], and calcium plays a role in cell 
proliferation and differentiation [199]. Ozawa et al. [201] reported the mechanism 
of electrical stimulation on cell proliferation involved cellular calcium ions. Our 
result is consistent with the study of Pedrotty et al. [191], who found that 
electrical stimulation at an electric field strength of 564 mV/cm increased cell 
number two-fold, compared to cells without electrical stimulation. However, Park 
et al. [109] found there was no significant difference in cell number between 
electrically stimulated and non-stimulated groups, with cells stimulated at 5 V/cm 
forming highly developed myotubes. However, muscle function would be 
electrochemically damaged if electric fields greater than 5 V/mm.  Despite the 
studies on the electrical stimulation during cell culture, there is still no agreement 
on the exact electrical field that needs to be applied for myoblasts growth and 
differentiation. An important reason for this is that the facility and reactors used 
for cell culture vary among different laboratories.   
In our study, we found a greater number of myotubes, which were generally 
longer formed with electrical stimulation at 4 mV/mm and 600 mV/mm, 
compared to those without electrical stimulation. And the differentiation indices 
were the highest with electrical stimulation at 600 mV/mm. C2C12 myoblasts fuse 
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with each other to form multinucleated and functional myotubes at certain 
confluent cell density. The high cell number at 600 mV/mm could be a reason for 
the enhanced differentiation, and this high cell number on the scaffolds inducing 
sufficient cell-to-cell contact required for differentiation. Additionally, an influx of 
calcium across the plasma membrane was involved in cell shape changes and 
preferential alignment, which was induced by electrical stimulation [202]. And cell 
alignment can also enhance the myotube differentiation. Khodabukus and Baar 
[203] reported that electric fields greater than 0.5 V/mm resulted in the 
engineered muscle function (around 2.5-fold increase in force). And Langelaan et 
al. [21] and Serena et al. [22] showed that the maturation of muscle cells was 
enhanced by the electrical stimulation with 4 V/mm and 70 mV/cm, respectively, 
compared with those non-stimulated culture. 
Comparing different scaffold types, PPy-10 had the highest cell number and 
differentiation indices at 600 mV/mm compared with PPy-20 and PPy-30. It can 
be explained by the higher mass per unit volume (Table 5.2); providing more fibre 
surface area for cell growth, and the lower electrical resistance (Table 5.3); 
transferring more voltage to the cells to enhance cell growth and further induce 
differentiation. Additionally, it was found that neither the voltage nor cell culture 
impacted on the PPy coating, with the PPy coating remaining intact. 
In the tissue engineered muscle, predominantly, non-conducting scaffolds have 
been used [19, 109, 122]. However, literature suggests that electrically conductive 
scaffolds may enhance cell alignment and differentiation [204, 205]. In this 
chapter, the influence of the PPy coating on cell behaviour under electrical 
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stimulation at 600 mV/mm was investigated. There was not only a significant 
higher cell number on the PPy coated scaffolds, but also more matured myotubes 
and higher differentiation indices, compared with uncoated scaffolds. The 
significantly higher cell number resulted in cells fusing together, which further 
induced more mature myotubes and higher differentiation indices. These results 
suggest that the PPy coating has a positive influence on myoblast proliferation and 
differentiation. This is attributed to the nanostructured rough surface of PPy 
coating which provides more cell attachment sites and enables transport charge 
carrier efficiently [206]. Qazi et al. [122] also reported that a conducting surface 
transports the electrical signal effectively to the attached cells throughout the 
entire scaffold structure, which was consistent with our results. 
 
6.4 Conclusion 
In this chapter, the highest myoblast cell number, alignment and differentiation, 
on the heat-bonded PPy coated scaffolds was determined with electrical 
stimulation at 600 mV/mm, compared to those without electrical stimulation. The 
PPy-10 scaffold performed the best at this electric field strength, in terms of cell 
differentiation. Electrical stimulation of the PPy coated scaffolds improved 
myoblasts proliferation and differentiation compared to uncoated scaffolds. 
Therefore, PPy coating and electrical stimulation are both essential for myoblasts 
growth and differentiation in engineered muscle tissue application. 
 
 
106 
 
Chapter 7 
 
Chapter 7 Conclusions and Future Work 
  
7.1 Main conclusions 
This PhD study investigated C2C12 mouse myoblast behavior on fibrous heat-
bonded scaffolds, and the effects of the dynamic cell culture environment, with 
and without electrical conductivity on cell growth and differentiation. The main 
conclusions obtained are listed below. 
 
Heat-bonded PP fibrous scaffolds with three different pore sizes were prepared 
using a technique combining melt bonding and porogen leaching methods. The 
scaffold fibre to porogen ratio influenced scaffold pore size, porosity, bulk 
density, and mechanical properties. The PP-20 scaffold, with a fibre to porogen 
ratio of 1:20 led to higher proliferation rates and enhanced differentiation of the 
myoblasts, than a fabricated PP nonwoven needle-punched scaffold.  
 
Heat-bonded scaffolds were uniformly coated with polypyrrole through a 
chemical vapour deposition method. The coated scaffolds maintained their 
porosity, without blocking the pores, with electrical conductivity considerably 
improved. 
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A high-throughput perfusion bioreactor was designed and built for culturing 
myoblasts in a 3D dynamic culturing environment. Myoblasts cultured in the 
bioreactor showed enhanced viability, proliferation and uniform distribution 
throughout the scaffold structure. The bioreactor is suitable for culturing 
myoblasts on 3D scaffolds in vitro.  
 
Myoblasts showed enhanced proliferation and differentiation using an electric 
field strength of 600 mV/mm, compared with those under 0 mV/mm and 4 
mV/mm electrical stimulation. Using 600 mV/mm, myoblasts on the PPy-10 
scaffolds showed the highest cell number and differentiation indices, compared 
with those on PPy-20 and PPy-30 scaffolds. And the scaffold with the electrically 
conductive PPy coating (PPy-10) had the highest myoblast growth and 
differentiation, compared with the non-conductive scaffolds (PP-10).  
 
7.2 Recommendations for Future Work  
Based on these results, future work is suggested as follows: 
Real-time monitoring glucose, oxygen and pH 
Due to the high metabolic demand of muscle cells, nutrients and oxygen are 
consumed rapidly in a bioreactor. Therefore, real-time monitoring of glucose, 
oxygen and pH will reflect the real needs of cells and give an indication of 
medium exchange and gas supply regulation.  
 
108 
 
Chapter 7 
 
Tissue section of the scaffolds with dynamic culture 
The perfusion bioreactor distributes cells evenly throughout the scaffold 
structure, on both the top and bottom surfaces. Tissue sectioning will be a 
beneficial tool in assessing the cell distribution throughout the whole structure. 
 
Growth factors incorporation into Polypyrrole 
The differentiation and maturation of myoblasts may be enhanced by 
incorporating growth factors (e.g. insulin-like growth factor-1) into the 
polypyrrole coating, with controlled release under electrical stimulation.  
 
Myotube recovery after electrical stimulation  
It may be beneficial to continue dynamic culture beyond two days electrical 
stimulation to determine if myotubes continue to differentiate or degrade. This 
would be beneficial for the application of the engineered muscle. 
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